Polyelectrolyte multilayers as nanostructured templates for inorganic synthesis by Wang, Tom Chih-Hung, 1973-
Polyelectrolyte Multilayers as Nanostructured Templates 
for Inorganic Synthesis 
 
by 
 
TOM CHIH-HUNG WANG 
 
Bachelor of Science, Chemical Engineering 
Bachelor of Arts, Political Science 
University of California, Berkeley, California, 1996 
 
Master of Science, Chemical Engineering Practice 
Massachusetts Institute of Technology, Cambridge, Massachusetts, 2000 
 
Submitted to the Department of Chemical Engineering 
in partial fulfillment of the requirements for the degree of 
 
DOCTOR OF PHILOSOPHY IN CHEMICAL ENGINEERING 
 
at the 
MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
 
JUNE 2002 
 
© Massachusetts Institute of Technology, 2002.  All rights reserved. 
 
 
Signature of Author: 
Department of Chemical Engineering 
May 3, 2002 
 
Certified by: 
Robert E. Cohen 
St. Laurent Professor of Chemical Engineering 
Thesis Advisor 
 
Certified by: 
Michael F. Rubner 
TDK Professor of Materials Science and Engineering 
Thesis Co-Advisor 
 
Accepted by: 
Daniel Blankschtein 
Professor of Chemical Engineering 
Chairman, Committee for Graduate Students 
 2
 3
Polyelectrolyte Multilayers as Nanostructured Templates for Inorganic Synthesis 
 
by 
Tom Chih-Hung Wang 
 
Submitted to the Department of Chemical Engineering on May 3, 2002, 
in partial fulfillment of the requirements for the degree of 
Doctor of Philosophy in Chemical Engineering 
 
Abstract 
 
Thin film nanocomposites consisting of inorganic matter embedded within a soft 
polymeric matrix on the nanometer length scale are an important class of materials with potential 
application in optoelectronics and photonics, magnetic media, and batteries and fuel cells.  In 
addition to the component material properties, the properties and performance of the 
nanocomposite depend crucially on the interaction between and the nanoscale organization of the 
components.  The polymeric matrix plays a critical role in controlling and mediating this 
interaction and organization.  Polyelectrolyte multilayers formed by the layer-by-layer 
electrostatic assembly of oppositely charged polymers are a versatile new form of thin film in 
which the physical and chemical architecture can be precisely controlled over the nanoscale.  
This thesis addresses the elucidation, development, and application of polyelectrolyte multilayers 
as nanostructured matrices for inorganic synthesis. 
 Multilayers formed from poly(allylamine hydrochloride) (PAH) and poly(acrylic acid) 
(PAA), possessing ion-exchangeable carboxylic acid groups, were used to bind metal cations 
within the film.  Metallic and semiconducting nanoparticles, including Ag, Pd, and ZnS, were 
formed in situ by reduction or sulfidation of the bound metal cations.  The size and concentration 
of Ag nanoparticles were controlled by the concentration of metal-binding carboxylic acid 
groups as determined by multilayer assembly pH.  In addition, the metal cation exchange and 
reaction methodology could be repeatedly cycled to increase nanoparticle size and concentration.  
An alternative method to increase nanoparticle size was also developed using electroless metal 
deposition on catalytic Pd particles. 
The nanoparticles were homogeneously dispersed and randomly distributed within the 
film due to the high degree of interpenetration between PAH and PAA chains in the multilayer.  
Stratified films were prepared by assembling fully ionized polyelectrolyte pairs with PAH/PAA 
during multilayer formation; the nanoparticles were spatially selective for only the PAH/PAA 
regions.  One effect of the embedded Ag nanoparticles was the dramatic enhancement of the 
nanocomposite refractive index.  The ability to control both multilayer architecture and 
nanoparticle properties via assembly conditions facilitated the controlled modulation of the 
nanocomposite refractive index over the entire film thickness.  Photonic bandgap structures 
based on stratified polyelectrolyte multilayer nanocomposites were demonstrated.  
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Chapter 1. Introduction 
 
One of the central themes in materials research over the past two decades has been the 
control of material dimensions at micrometer and nanometer length scales.  In polymeric 
materials, the control of structural length scales in the bulk and in thin films has been explored 
and exploited in microphase-separated block copolymers, polymer micellar systems, and 
dendrimers.  An important application of this control has been the use of these soft, and hence 
easily processible, structured materials to template hard inorganic materials, for example, in the 
preparation of mesoporous aluminosilicate catalysts and nanomagnetic arrays.  Moreover, 
polymers play an important role in the processing of a novel class of inorganic materials in the 
form of nanoparticles that have size-dependent properties.  Polymers can impart not only 
mechanical stability to the lyophobic nanoparticles by hindering agglomeration due to their small 
size, but they also contribute to the chemical and physical properties of the nanocomposite as a 
whole.  With this in mind, polymers are often the ideal matrix materials.  Polymers can be made 
optically transparent, are easily processible, and can be selected to impart a distinguishing array 
of properties including non-linear optical, electroluminescent, and bio-active characteristics. 
This thesis focuses on polyelectrolyte multilayers as soft templates for inorganics.  
Polyelectrolyte multilayers (PMs) are thin film assemblies in which their physical and chemical 
architecture can be precisely tuned down to the nanoscale and over macroscopic dimensions.  
Because they are assembled in aqueous solution and their architectural parameters can be 
controlled via solution conditions, PMs can be extremely versatile matrices for synthesizing 
inorganic nanoparticles.  The goals of this thesis were (1) to develop the multilayers as 
nanostructured templates for controlling the synthesis of inorganics, (2) to elucidate the internal 
structure of multilayers consisting of weak polyelectrolytes and the influence of assembly pH 
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using probe inorganic particles, and (3) to exploit these nanocomposite films in photonic 
applications. 
1.1. Nanoparticles, nanoclusters, nanocrystals, and quantum dots 
 
Nanoparticlei science and engineering has rapidly developed in the last ten to fifteen 
years.  While small particles and colloids have been studied and used for at least a hundred years, 
for example in catalysis or in materials compositing, particles in the nanometer length scale have 
only recently been investigated and exploited for their size-dependent physical and chemical 
properties.  Nanoparticles exhibit scientifically interesting phenomena and desirable engineering 
characteristics.  Not only are surface phenomena accentuated but physical confinement due to the 
particle boundaries also induces strongly size-dependent properties.  Material properties can be 
changed and tuned by controlling nanoparticle size and surface characteristics.1-4 
Historically, small particles have been important in heterogeneous catalysis where reac-
tants interact at specific sites on the catalyst surface.  Small particles can impart enhanced cata-
lytic activity through high surface-to-volume ratios and enhanced selectivity through controlled 
surface features.  Nanometer-sized particles continue to receive attention for their catalytic 
properties.  In some cases, as with metal nanoparticles, unique electron transfer properties can 
facilitate the photocatalysis of free radical reactions. 
Small particles also exhibit unique optical properties, which have been studied 
theoretically and experimentally for many years.  The absorption of radiation by small metallic 
particles has been described well by classical Mie theory.5  At these high surface-to-volume 
                                                 
i Nanometer sized particles are referred to by many names in the literature.  Nanoclusters are used often to refer to 
particles as a collection or cluster of atoms and their non-bulk nature.  Nanocrystals often refer to single-crystal 
particles.  Quantum dots, or Q-sized particles, refer particularly to semiconductor particles that exhibit quantum 
confinement effects.  Obviously, these classifications are not mutually exclusive.  Nanoparticles will be used in this 
thesis as a generic term for particles of nanometer size without connoting a particular structure or property. 
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ratios, surface optical features, in particular the surface plasmon resonance (SPR) absorption 
band, become dominant.  From classical theory, the absorption of light via plasmon resonance is 
caused by the propagation of the electromagnetic wave along the surface of the particle through 
conduction electrons. The wavelength and width of the absorption band therefore depend on the 
size of the particle.  As particles become smaller than the wavelength of the incident light, the 
absorption maximum shifts toward higher energies until the particle reaches the size of its bulk 
electron mean free path (e.g., 50.4 nm for Ag and 37.5 nm for Au)ii.  At this particle size and 
smaller, the motion of the electrons becomes limited by the particle boundary.  The SPR band 
broadens and diminishes, while the peak remains stationary with size.  For the very smallest 
nanoparticles, classical theory is no longer valid and a quantum mechanical treatment is required.  
In theory, the strong surface plasmons of nanoparticles can enhance the absorption 
characteristics of nearby materials like dyes.  In addition, enhanced third order non-linear optical 
properties have also been predicted and observed for nanoparticles.7,8  The non-linear properties 
are attributed to trapped carriers at the cluster surface where there is a large fraction of defect 
sites.  
Much of the recent interest in nanoparticles has been driven by quantum confinement 
effects observed and predicted in small sized particles.  These nanoparticles, also called quantum 
dots, exhibit spectroscopic features that result from an incomplete band structure caused by the 
limited number of atoms.  For semiconductors, nanoparticles in this intermediate size regime 
have electronic structures between that of individual atoms and bulk materials.  Although metals 
can exhibit quantum confinement effects, they are exhibited at even smaller sizes.  Of particular 
interest is the effect of an incomplete band structure on electron-hole interactions.  The electron-
hole pair, a Wannier exciton, can be characterized by a Bohr size.  As semiconductor 
                                                 
ii calculated at 298K, using Sommerfeld theory, with electron densities and electrical resistivities from Ref 6. 
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nanoparticles become smaller than the Bohr exciton, shown in Table 1-1 for various 
semiconductors, the spacing between energy levels increases.  Important consequences of the 
confined electrons in this so-called strong quantum confinement regime include the widening of 
the band gap.  Quantum confinement results in interesting changes in electronic properties like a 
blue-shift of the absorption edge and a corresponding shift in the photo- and 
electroluminescence.  Hence by changing the size of the quantum dot, its optical absorption and 
emission characteristics can be tuned.  An important application of the size-dependent optical 
properties is in light-emitting diodes where one type of semiconductor can be used to produce a 
whole spectrum of visible light simply by changing the dot diameter. 
Table 1-1.  Electronic structure of representative compound semiconductors.  
[Sources:  References 7-11] 
Semiconductor Bohr Exciton 
Diameter (nm)
Bulk Band Gap 
at 300 K (eV) 10,11
Effective Mass: Electron 
/ Hole (mo)
10,11 
CdS7   6 2.6 0.21 / 0.80 
PbS7 16   0.41 0.25 / 0.25 
CdSe8   6 1.7 0.12 / 0.45 
GaAs9 20 1.4 0.07 / 0.09 
 
Since a significant number of atoms in the nanoparticle is located at the surface, surface 
structure and modification thereof must be considered.  In certain cases, like non-linear optical 
properties, surface defects are desirable.  While in other cases, like electroluminescent properties, 
defects are undesirable.  The control of surface defects is important in the obtaining the desirable 
properties.  One important modification of the nanoparticle surface involves the controlled 
electronic passivation of the surface.  Passivation can be accomplished by chemisorbing a 
material with a much larger band gap, for example with another semiconductor or an organic 
molecule.  For luminescent properties, without a sufficiently passivated surface, surface trapping 
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and recombination would result in a weak luminescent spectrum and an ill-defined band edge.  
For non-linear optical properties, controlling the degree of passivation can control the degree of 
non-linearity.12  Additionally, nanoparticle surfaces often need to be modified for compatibility 
with their host.  This is particularly important in the compositing of preformed nanoparticles 
with polymers.  Finally, surface interactions between nanoparticles and polymers or small 
organic molecules and the mediation of those interactions are crucial in the controlled synthesis 
of nanoparticles. 
1.2. Nanoparticle synthesis 
 
The "chemistry" approach to the preparation of inorganic nanoparticle stands in sharp 
contrast to the “physics” approach.  Physical methods include molecular beam epitaxy, 
lithography, ion implantation, vapor deposition, and evaporation.  Some of these physical 
methods can produce nanoparticles that have well-defined shapes, sizes, crystallinity, and 
surfaces.  However, often these methods require extreme conditions (e.g., ultrahigh vacuum) and 
produce materials that are difficult to manipulate (e.g., embedded on a hard support such as 
silicon).  Therefore, chemical methods have developed quickly to synthesize uniform and well-
defined particles of a variety of compositions, in large amounts, and in manipulatable form (i.e., 
can be processed with other materials).  Among the most prevalent chemical synthetic methods 
are solution preparation employing species that can coordinate to inorganics and solid-state 
preparation in a coordinating matrix. 
1.2.1. Solution synthesis 
 
Solution preparation methods typically involve the dissolution of appropriate metal or 
semiconductor precursors in a solvent with coordinating agents.13  Metal and semiconductor pre-
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cursors like metal ions and organometallics are precipitated in the presence of coordinating 
agents like polymers and surfactants that mediate the nanoparticle growth.  The coordinating 
agents also serve as capping agents to prevent nanoparticle agglomeration.  They may also serve 
to electronically passivate the particles.  Further narrowing of the size distribution after synthesis 
may be accomplished by size selective precipitation and fractionation techniques.  These 
stabilized nanoparticles may then be dried and isolated.  Moreover, depending on the surface 
functionalities imparted, they may be incorporated into solid matrices as nanocomposites. 
An extension of the use of coordinating agents is the use of microscopically structured 
fluids like micellar or vesicular systems.14-16  Typically, inverse micelles are used as uniformly 
sized domains in which nanoparticle precursors are dissolved and precipitated.  An organic 
capping agent, such as a thiol, is also added to control the particle surface.  However, micellar 
systems are limited by the rapid exchange process between micelles.  Often the synthesized 
nanoparticles do not have narrow size distributions and require subsequent size selective 
processing. 
One of the most successful solution techniques for the synthesis of II-VI quantum dots 
involves inorganic precipitation in a hot coordinating solvent.17  Organometallic cadmium, 
trioctyl phosphine, and alkylsilyl or phosphine chalcogenides are injected into hot trioctyl 
phosphine oxide.  Inducing a near instantaneous nucleation event followed by slow growth, the 
process produces slightly prolate cadmium sulfide, selenide, or telleride quantum dots with 
phosphine/phosphine-oxide derivatized surfaces.  With subsequent size selective precipitation, 
nearly monodisperse particles are obtained (< 6% rms deviation from mean determined by TEM 
imaging).  Modifications to this synthetic methodology have produced monodisperse particles 
even without size selective precipitation.18 
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1.2.2. Synthesis in the solid-state 
 
In many ways, the preparation of nanoparticles in solid matrices has the same chemical 
requirements as in solution:  dissolution of nanoparticle precursors in the matrix and binding of 
precursors to appropriate matrix functionalities.  However, particle size control is affected in 
much more complicated ways.  Not only do chemical interactions between particles and their 
precursors affect particle size and dispersity, but physical interactions (e.g., kinetic barriers to 
agglomeration) can be equally important.  Moreover, size selection processes like fractionation 
are not available in the solid state.  Hence, monodisperse nanoparticles are more difficult to 
obtain.  Nevertheless, in situ synthesis of nanoparticles in solid matrices to prepare 
nanocomposites has several attractive features.  Solid-state synthesis obviates the need for 
surface modification of particles to obtain a good dispersion within the matrix, offers nanoscale 
control over the placement of particles, and facilitates the one-pot synthesis of nanoparticle 
containing nanocomposites. Matrices of all kinds have been investigated, including 
homopolymers and block copolymers, polymer blends, gels, zeolites, Langmuir-Blodgett (LB) 
films, and self-assembled monolayers (SAMs).19,20 
Nanoparticles have been synthesized in homogeneous media like homopolymers and 
their blends and in structured media, analogous to solution micellar systems, in which there are 
some additional physical constraints on nanoparticle dimensions and their precursors.  The rigid 
frameworks of ceramics, for example, provide confinement structures and, in the case of porous 
glasses and zeolites, regular-sized pores in which to grow nanoparticles.21  However, high 
temperatures, difficult processibility, and, most importantly, lack of pore size tunability are 
important drawbacks of using these matrices. 
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Polymers have been widely investigated for their ability to stabilize nanoparticles 
because of their desirable optical, mechanical, electrical, and processing properties.  
Nanoparticles are formed either during the polymerization process or in previously synthesized 
and set polymers.  Common methodologies for the former include the polymerization of 
organometallic monomers.  For the latter, inorganic precursors are incorporated after polymer 
synthesis by suitable coordination to polymer functionalities.  In both cases, subsequent reaction 
of the precursors within the polymer produces nanoparticles.22  For unstructured or 
homogeneous matrices like homopolymers,23 similar difficulties arise in controlling size 
distribution as in solution synthesis without capping agents.  The polymer must contain 
functional groups that can bind to the surface of the nanoparticles.  Alternatively, nanostructured 
polymer systems have been used to control particle size and distribution.  For example, gels and 
gel-surfactant complexes have been investigated as matrices, albeit with mixed results.24,25  One 
noteworthy nanostructured system with both solid-state and solution characteristics is block 
ionomer micellar systems.26-28  Depending on the segment lengths, chemical nature of the 
segments, and chemical nature of the solvent, the block ionomers or amphiphilic block 
copolymers form micelles with cores of well-defined size and shape.  The cores are 
functionalized with metal-coordinating groups such as vinylpyridines and carboxylates that can 
solubilize metal salts.  Subsequent reaction of the precursors confined within the polymer micelle 
core precipitates, for example if the precursors are reduced, zerovalent metal nanoparticles.  
These polymeric micelles have much longer exchange times and hence are more stable than 
traditional small molecule micelles.  Moreover, the polymer micelles can be spun or cast into 
polymeric nanocomposite films.  As solid-state matrices, phase-separated block copolymers have 
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been successful employed in controlling nanoparticle size and distribution. The general 
preparation methodology will be described in detail below. 
1.2.3. General methodology for nanoparticle synthesis in block copolymers 
 
The preparation of metal, metal oxide, and semiconductor nanoparticles in block 
copolymer solids has been investigated extensively by Cohen and coworkers.29-36  These 
systems have the materials attributes of polymers (e.g., stability, optical transparency, and ease 
of processing) combined with architectural tunability.  The polymeric microstructure resulting 
from microphase separation permits control over nanoparticle synthesis. 
Diblock copolymers contain one continuous polymer segment of one monomer (i.e., a 
block) joined covalently at one end to another polymer segment end of a different monomer.  If 
the two segments are insoluble in one another, thermodynamics drive the segments to phase 
separate.  However, because of the chemical bond between the two segments, bulk phase 
separation cannot occur.  Rather, the block copolymer undergoes so-called microphase 
separation.  Depending on the volume fraction of each segment, segmental molecular weights, 
and their mutual interaction energy, typically characterized by the Flory-Huggins interaction 
parameter, the polymer may form into various thermodynamically favored morphologies when 
the polymer is cast into a solid.  These morphologies are characterized by one segment type 
grouped together within another segment type.  Common equilibrium morphologies are lamellae, 
cylinders, and spheres.  For example in the spherical morphology, a diblock A-B copolymer with 
majority A block microphase separates into spherical domains of B in a “sea” of A.  In addition, 
kinetically trapped, non-equilibrium structures like the gyroid morphology may form depending 
on the conditions in which the polymer is solidified. 
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Notably, anionic polymerization and ring opening metathesis polymerization (ROMP) 
techniques, among others, can closely control the molecular weight and molecular weight 
distribution of block copolymers.  Both techniques are “living” polymerizations where 
monomers can be controllably added to the end of growing polymers without chain transfer or 
termination.  ROMP has the added advantage of being moderately tolerant of the presence of 
protic species.  As its name suggests, ROMP involves the opening of a cyclic olefin by an 
initiator.  The initiator, an organometallic, generates a metal carbene attached to the now linear 
olefin, which can continue to sequentially react with other cyclic olefins. 
The microphase separated block copolymer domains are regular and uniformly sized, 
with dimensions on the order of nanometers.  These domains are ordered three-dimensionally 
over large length scales relative to domain size.  Domain sizes are fairly monodisperse and 
smaller than that of the polymer molecular weight.  With anionic polymerization and ROMP, 
block copolymers can be synthesized with narrow block molecular weight distributions and 
different molecular weights.  Hence, block copolymer domains are excellent, well-defined 
regions to prepare and confine nanoparticles.  An ideal strategy for monodisperse nanoparticle 
preparation would be the coarsening or growth of a single nanoparticle in each spherical domain 
until the domain interface hindered any further enlargement or particle movement.  Not only 
would the nanoparticles be of a singular size determined by the size of the domain, but they 
would also be distributed homogeneously and regularly throughout the matrix. 
Early work using block copolymer domains as “nanoreactors” for the formation of 
nanoparticles involved the synthesis of organometallic monomers.  Using these monomers as one 
segment of the diblock copolymer, the microphase separated domains contained prespecified and 
nearly identical concentrations of metal precursors.  Subsequent chemistry on the metal-
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containing domains precipitated metal or semiconductor nanoparticles within the domains.  The 
Cohen and Schrock groups have synthesized an array of organometallic norbornenes for ROMP-
based block copolymers containing semiconductor30 and metal nanoparticles31.  Using 
methyltetracyclododecene (MTD) as the monomer for the metal-free block, block copolymers 
with spherical, cylindrical, and lamellar morphologies were formed.   Hydrogen, thermal, or 
ultraviolet (UV) radiation reduction generated gold, silver, palladium, and platinum 
nanoparticles primarily within the norbornene domains.  Similarly, metal sulfide semiconductor 
nanoparticles, including zinc, lead, and cadmium sulfides, were formed by treating the metal-
containing polymer with hydrogen sulfide.  The formation of nanoparticles was controlled both 
by the supply of precursor species within the domains and the interdomain interfaces that act as 
nucleation sites. 
Other norbornene-based monomers have been synthesized that contain pendant groups 
capable of binding to organometallic reagents.  Once polymerized as one block of the copolymer, 
with MTD as the other block, the copolymer is dissolved in a solution where it can complex with 
solvated organometallic species.  The polymer is then cast to permit microphase separation. 
Norbornenes with diphenylphosphines (NORPHOS) have been synthesized to complex with sil-
ver and gold organometallic species.32  In addition, norbornenes synthesized with sulfur- and 
oxygen-containing pendant groups can datively bind to organometallics containing, for example, 
zinc and cadmium.33  Metal coordination of various transition metal salts to one block of a 
dissolved copolymer has also been demonstrated for anionically polymerized poly(styrene-b-2-
vinylpyridine).37 
Several drawbacks in using organometallic norbornenes include the difficult monomer 
synthesis, the need to synthesize a different monomer for different types of nanoparticles, and the 
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influence of the metal-bound block on microphase separation and equilibrium morphology.    
Therefore, a more general methodology for nanoparticle synthesis within the microphase 
separated diblock copolymers was developed with the intent of using one diblock copolymer 
system to prepare a variety of nanoparticles.34  Rather than incorporating the metal precursor 
into the monomer or dissolved polymer, it is sequestered into the desired domain of the block 
copolymer after microphase separation. 
The completely organic diblock copolymer, synthesized by ROMP, consists of a poly-
MTD block and a poly-norbornene dicarboxylic acid (NORCOOH) block.  Once a desired 
morphology is established, two types of domains are formed -- one that can and one that cannot 
solvate aqueous salts.  The carboxylic acid containing block can solvate and bind metal ions 
from solution.  By immersing the polymer into the desired aqueous metal salt solution, metal 
cations can diffuse into the NORCOOH domain.  Moreover, the metal precursor may bind to the 
carboxy groups via ion-exchange with the acid proton.  After selective complexation of the metal 
cation to one domain of the block copolymer, the desired nanoparticle is precipitated by 
reduction or sulfidation of the complexed metal.  Once nanoparticles form, the carboxy groups 
are regenerated to their acid forms.  Hence, the repeated binding and reaction of metal precursors 
within the domains is possible, permitting the formation of larger particles or mixed particles.  
Both semiconductor nanoparticles, specifically lead and zinc sulfides,35 and metallic 
nanoparticles36 have been studied using this methodology. 
Such a methodology, however, is constrained by both transport and ion-exchange (i.e., 
chemical equilibrium) limitations.  First, transport of aqueous metal salts is often slow or 
completely hindered through the primarily nonpolar polymer.  Particularly in the case of the 
spherical morphology with MTD as the major block and NORCOOH as the minor block, 
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virtually no metal ions can reach the NORCOOH spheres.  Only in morphologies like lamellae or 
cylinders with interconnected NORCOOH domains are metal ions able to reach the NORCOOH 
domains.  To overcome the diffusion limitation of metal salts, simple organometallics such as 
tetraethyllead are used. 
Second, since one mechanism for metal binding within the polymer is by ion-exchange 
with the carboxylic acid protons, the choice of counterion is particularly important.  Obviously, 
the degree of exchange can vary dramatically with a change in the counter anion of the metal 
salt.  Acetate counterions are typically weaker than the polymer carboxylates for many metal 
cations; exchange between the proton and metal can be nearly complete.  Further improvement 
of the exchange equilibrium can be accomplished by first replacing the proton of NORCOOH 
with a better leaving group like sodium to form NORCOONa before exchanging with the metal 
cation.  By shifting the equilibrium constant in favor of metal exchange, metal loading increases. 
Finally, while confinement of nanoparticles within the domains of one copolymer block 
has been quite successful, formation of only one particle per spherical domain has proved to be 
difficult.  Often, in both solid microphase-separated block copolymers and in solution block 
copolymer micelles, several nanoparticles are formed within a single domain.  In addition, 
domain size does not necessarily limit nanoparticle size.  Moreover, even without the need to 
synthesize organometallic monomers, the NORCOOH containing block copolymers require 
specialized synthesis.  Nevertheless, nanoparticles of different compositions can be generically 
and controllably prepared within selective domains of microphase separated diblock copolymers.  
Nanoparticles can be located precisely within the bulk or thin film polymer by controlling the 
morphology of the domains.   
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In addition to nanoparticle formation in bulk nanostructured materials, ultrathin films 
have received attention as matrices because of their many applications as electro-optical 
materials and coatings. Many of the polymeric systems already discussed can be made into thin 
films.  An additional level of structuring, and hence unique properties, can be obtained in LB 
films and SAMs.  In LB films, a metal containing amphiphile, such as cadmium arachidate, is 
used to prepare the film.38,39  After film formation, exposure to a chalcogenide gas produces 
semiconductor nanoparticles.  Nanoparticles can be similarly prepared with SAMs.40  A third 
recently developed and arguably more versatile thin film structure that has not yet been exploited 
as a matrix for nanoparticle synthesis consists of sequentially adsorbed polyelectrolyte 
multilayers (PMs).  These microscopically architectured films will be discussed below. 
1.3. Layer-by-layer assembly  
 
In recent years, layer-by-layer (LbL) assembly of polyelectrolytes has been demonstrated 
to be a simple yet versatile means of preparing ultrathin polymeric films.41-43  Polyelectrolytes 
are polymers with ionizable groups on each monomer repeat unit.  Some common 
polyelectrolytes, in particular those of interest to this thesis, are shown in Figure 1-1.  They are 
categorized as strong if the degree of ionization is independent of solution pH (i.e., fully ionized 
over all pH ranges) and weak if the degree of ionization is pH dependent.  Typically, the 
multilayer is formed by adsorbing a polyelectrolyte of one charge from solution onto an 
immersed substrate.  A polyelectrolyte of the opposite charge from another solution is then 
adsorbed onto the same substrate.  The multilayer assembly is driven by electrostatic interactions 
between the oppositely charged polyelectrolytes.  The process is repeated, alternating between 
the two polyelectrolyte solutions until the desired thickness or number of layers is achieved.  
Thicknesses from nanometers, with a monolayer adsorbed, to micrometers can be obtained while 
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still maintaining a uniform structure.  Coverage area is limited only by the substrate size and 
polyelectrolyte solution volume.  The dried films are stable and mechanically strong.  Moreover, 
many different variations on the LbL process are possible.  For example, one may use not only 
one set of polyelectrolytes but also two or three to create different “blocks” or strata.  Three-
dimensional heterostructures may be created in combination with photolithography, soft 
lithography, and inkjet printing techniques. 
 
 
 
The LbL processing of polyelectrolytes has distinct advantages over traditional ultrathin 
film fabrication techniques like LB.  Although the LB technique produces highly oriented films, 
it requires specialized preparation equipment and strict substrate surface properties.  In contrast, 
PM films can be prepared on a wide range of surface materials and geometries.44-51  In addition, 
the alternating immersions can be automated.  Besides dipping into baths, the polyelectrolyte 
solutions can be applied by spraying52 and spin-coating53,54.    
Figure 1-1.  Common polyelectrolytes used in LbL assembly.  PAA and PSS are 
polyanions; the former is weak and the latter is strong.  PAH is a weak 
polycation. 
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1.3.1. Polyelectrolyte multilayers 
 
The initial work to demonstrate that multiple layers of polyelectrolytes can be 
sequentially adsorbed onto a substrate with controlled morphology exploited purely electrostatic 
interactions between fully-ionized polyelectrolytes and a substrate with a charged surface.55,56  
Poly(vinylsulfate) (PVS), potassium salt, or poly(sodium 4-styrenesulfonate) (PSS) was used as 
the polyanion and poly(allylamine hydrochloride) (PAH) or poly(-4-vinylbenzyl-(N,N-diethyl-
N-methyl-)ammonium iodide) as the polycation.  The polyanion was adsorbed first onto a 
cationic surface, either treated silicon, glass, or quartz.  Repeated, alternating immersions of the 
substrate into the polycation and the polyanion solutions formed uniform, smooth films.  
Although the first few adsorbed layers were thinner, the layer thickness reached equilibrium 
quickly.  Film growth was linear in thickness over at least a hundred layers.  Depending on the 
salt concentration of the polyelectrolyte solutions, layer thickness can ranged 1 to 4 nm.  The 
added salt, typically NaCl, shields the charges on the polyelectrolyte in solution, reduces the 
screening length between charged groups on the polymer chain, and allows the polyelectrolyte to 
attain a more randomly coiled conformation.  Rather than adsorbing in a thinner, distended 
conformation, the salt-shielded polyelectrolyte adsorbs in a thicker, coiled conformation. 
While the layer structure of strong PMs is principally influenced by solution ionic 
strength, aside from molecular parameters that require the use or synthesis of other 
polyelectrolytes, solution pH during assembly can be used to manipulate the structure of 
multilayers composed of weak polyelectrolytes.  Because weak polyelectrolytes contain 
ionizable functional groups, the multilayer structure is sensitive to assembly pH conditions.  In 
addition, the assembly pH is a more flexible parameter for controlling molecular architecture 
than ionic strength because the solubilities of high molecular weight polyelectrolytes become 
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poorer at high ionic strength.  The linear charge density of weak polyelectrolytes like 
poly(acrylic acid) (PAA) can vary enormously in the pH region near its pKa.  Moreover, unlike 
ionic strength, which affects all parts of the polyelectrolyte equally, the pH modifies a 
predictable and controllable fraction of the functional groups.   
Using multilayers composed of PAA and PAH adsorbed on hydrophilic glass and silicon, 
the effect of assembly pH on molecular organization has been investigated.57,58  The 
polyelectrolyte solution pH sets the linear charge density of the polyelectrolyte and hence also 
the polymer conformation.  In addition, the solution pH affects the charge of the surface on 
which the polyelectrolyte adsorbs.  At high pH relative to its pKa (between 5 and 6 for PAA 
depending on ionic strength59), the polyanion is almost completely ionized. Conversely, the 
polyanion becomes more neutral at low pHs relative to its pKa.  The polycation exhibits the 
opposite ionization behavior (pKa between 7 and 9 for PAH depending on ionic strength60).  
Rubner and coworkers have shown that the effect of assembly pH on the thickness and surface 
properties of PAH/PAA multilayers result from the interplay between the two pH dependent 
factors: the linear charge density of the adsorbing polyelectrolyte and the charge density of the 
surface (i.e., the previously adsorbed polyelectrolyte). 
The incremental thickness of adsorbed PAH and PAA as a function of assembly pH, with 
both polyelectrolyte solutions having the same pH, can be characterized by three regimes over 
most of the pH range.  In the high pH regime (6 < assembly pH < 8), PAH/PAA layers are 
molecularly thin.  Both polyelectrolytes are almost completely ionized in solution and hence 
adsorb onto the surface, in a distended manner.  This regime is similar to the case of strong 
polyelectrolytes discussed above where the polyelectrolytes adsorb flat to form many pairwise 
ionic bonds with the highly charged surface. In the low pH regime (2 < assembly pH < 5), PAH 
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is fully ionized while PAA is only partially ionized.  The PAH/PAA thickness increases with 
decreasing assembly pH in this regime.  The PAA is only partially charged, with its degree of 
ionization decreasing with lower pH, and adopts a more random coil conformation in solution.  
At lower assembly pHs, more PAA molecules need to be adsorbed onto the fully charged PAH 
surface to neutralize the surface charge.  The PAA adsorption appears to dominate over the 
counter effect of fewer fully charged PAH molecules adsorbing onto the less charged PAA 
surface at lower pHs.  Between an assembly pH of 5 and 6, a transition regime exists where large 
changes in layer thicknesses of up to 8 nm are obtained.61  As with strong PMs, film growth is 
uniform and linear after the first few layers. 
The surface properties of these PAH/PAA multilayers have been shown to be strongly 
controlled by the outer-most adsorbed layer.  For example, the advancing contact angle can 
alternate between 10o and 40o when the outer-most layer alternates between PAA and PAH, 
respectively.57 Moreover, these surface measurements suggest that layer thickness plays an 
important role in interlayer penetration, at least between the outer-most and second outer-most 
layers.  Thicker layers exhibit greater penetration into thinner layers. 
The primary mechanism for multilayer formation is the electrostatic interaction between 
the oppositely charged polyelectrolytes.62,63  Charge overcompensation occurs after every 
adsorption step to facilitate the adsorption of the oppositely charged polyelectrolyte in the 
following step.  This has been observed by the sign alternation of the zeta potential of the surface 
after each polyelectrolyte layer is adsorbed.  However, electrostatic interactions between the 
adsorbing polyelectrolytes and the oppositely charged, surface polyelectrolytes are not the whole 
story.  Non-electrostatic interactions like dispersion forces, or hydrophobic interactions, and 
hydrogen bonding can play important roles.  Hydrogen bonding between poly(vinyl 
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pyrrolidone), poly(vinyl alcohol), poly(acrylamide), poly(ethylene oxide), and polyaniline has 
also been used to form multilayers.64-68  Polymer-solvent and intra-polymer interactions also 
dictate how and in what conformation the polyelectrolytes adsorb on the surface.  Measurements 
of the kinetics of adsorption and desorption of several weak and strong polyelectrolytes suggest 
the following: substrate effects only extend into the first few adsorbed layers, higher charge 
densities promote stability of the adsorbed layers (i.e., do not desorb after adsorption), and 
rinsing of the adsorbed layers in between immersions promotes stability by preemptively 
removing loosely bound and hence unstable polyelectrolytes.62  Surface forces measurements 
also suggest, among other things, that the amount of polyelectrolyte adsorbed is limited by the 
degree of charge overcompensation and the continued multilayer stability in thermodynamically 
unstable solution conditions results from kinetic trapping of the adsorbed polyelectrolytes.69  
The kinetics of polyelectrolyte assembly suggest a two-step process in which the polymer 
adsorbs quickly on the surface followed by a much longer process of polymer reconfiguration 
and relaxation.70 
Even though the polyelectrolytes are adsorbed sequentially in LbL assembly, the internal 
structure of the assembled multilayer can be highly interpenetrated.  The internal structure has 
primarily been studied using neutron and x-ray reflectivity,71-74 though nuclear magnetic 
resonance (NMR)75 and Förster energy transfer76 have also been employed.  Using neutron and 
x-ray reflectivity, PAH/PSS multilayers deposited from salt-containing solutions showed 
interpenetration between polymer layers on the same order as the individual layer 
thicknesses.71,73  PAH/sulfonated polyaniline multilayers show even greater interfacial widths.72  
These multilayers formed from one pair of polyelectrolytes have been described as “fuzzy”,41 
with their internal structure similar to that of “scrambled salt” bulk polyelectrolyte 
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complexes.75,77-79  However, in multilayers comprising different pairs of polyelectrolytes, so-
called heterostructures, stratification of these layers was observed.76  This stratification is 
consistent with the evidence of interpenetration on the order of an individual layer thickness but 
not more. 
The LbL assembly of polyelectrolytes has been shown to be a versatile process for 
forming multilayer films.  This sequential adsorption process facilitates fine control over film 
structure through adsorption conditions and the ability to choose and mix polyelectrolytes with 
desired properties.  Indeed, the availability of un-ionized groups in PMs, for example the acid 
carboxy groups in PAA, can be useful for further chemistry.  As will be described in the 
following chapters, the ability to control the chemical functionality of polyelectrolytes, 
particularly by controlling the concentration of ionized carboxylates using pH, affords an 
important opportunity for the control and elucidation of PMs as nanoreactors for the in situ 
synthesis of inorganic nanoparticles. 
1.3.2. Multilayers of polyelectrolytes and inorganics 
 
The LbL assembly process has been extended beyond just polymers to prefabricated 
inorganic materials to form nanocomposite films.80-85  Several classes of inorganic materials 
have been assembled including exfoliated minerals, metal oxide colloids, and semiconductor and 
metallic nanoparticles.  The common requirement of assembling these materials is the presence 
of charge bearing groups on the inorganic surface.  If the surface is naturally uncharged, a 
suitable surface treatment is required. 
Kleinfeld and Ferguson first showed that exfoliated sheets of hectorite, a negatively 
charged silicate mineral, could be assembled in alternation with poly(diallyldimethylammonium 
chloride) (PDADMAC).81  The assembled films showed large area uniformity and linear 
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thickness growth with an increasing number of adsorption cycles.  Equally important, the sheets 
were found to adsorb parallel to the surface.  Similar behavior was observed by Mallouk and 
coworkers with the assembly of exfoliated α-zirconium phosphate and PAH.80  Montmorillonite 
has also been assembled with PDADMAC.86,87 
Metal oxide colloids with negatively charged surfaces, such as silica and titania at high 
pH, could be assembled with polycations such as PDADMAC and poly(ethyleneimine) (PEI) if 
the pH of the colloidal solution were high enough to generate charged surfaces.83  Kunitake and 
coworkers further showed that the pure silica colloids could be wrapped in PDADMAC (i.e., 
precomplexed in solution) to control the surface charge of the colloids and their subsequent 
assembly.83  Like the two-dimensional minerals, the film growth of alternating colloid and 
polyelectrolyte adsorption proceeds linearly, where thicknesses increase at higher ionic strengths.  
Moreover, the colloids were found to adsorb to the surface and reach saturation an order of 
magnitude faster than polyelectrolytes (seconds compared to minutes).  However, because of the 
large size disparity between the colloids and the polyelectrolytes and the geometrical constraints 
of the colloid as a rigid sphere, charged groups on the polyelectrolyte are not fully neutralized by 
the colloid.  Unlike the strong polyelectrolyte-only assemblies where almost all the charged 
groups are paired between the oppositely charged polyelectrolytes, small ions must satisfy some 
of the charged groups in colloid/polyelectrolyte assemblies.  Positively charged metal oxide 
colloids such as ceria and titania82,85 at low pH could be assembled with polyanions such as 
PSS. 
In contrast to metal oxide colloids that generally have an inherently charged surface, 
metallic and semiconductor nanoparticles synthesized in solution may not.  The choice of 
stabilizing or coordinating agents used in the solution synthesis is important in creating 
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nanoparticles with charged surfaces.  The first report by Fendler and coworkers of using metallic 
or semiconductor nanoparticles with polyelectrolytes in the LbL assembly described metal 
sulfide nanoparticles of cadmium and lead that were synthesized in the presence of thiolactic 
acid.82  The acid-stabilized nanoparticles had a negative charge at high pHs and could be 
assembled with PDADMAC.  Decher, Calvert, and coworkers showed that gold colloids 
synthesized by citrate reduction, which are negatively charged, could be layered with PAH.84  
Moreover, they showed that distinctly layered structures were formed when spacers of PAH/PSS 
layers were adsorbed between colloid containing layers.  The spacing was systematically 
controlled between ~125 and ~200 nm depending on the number of layers in the spacer.  The 
distinct layering of colloids with polyelectrolytes can be exploited to create, for example, graded 
structures in which different sized cadmium telluride (CdTe) quantum dots are adsorbed ranging 
from large to small particles.88 
While the assembly of prefabricated inorganic materials with polyelectrolytes can quickly 
and easily form thin film nanocomposites, it is limited by the need to modify the surface of the 
inorganic materials to promote assembly.  Moreover, systematic control over inorganic 
concentration within the film is difficult during assembly, and it is not possible to manipulate 
concentration after assembly.   Therefore, to fabricate nanocomposites in a simpler manner (i.e., 
less chemistry) and with better control over inorganic concentration and integration into the film, 
inorganics can be synthesized directly within the assembled PM films, as this thesis will describe 
using weak polyelectrolytes. 
Stroeve and coworkers have pursued complementary work using strong polyelectrolyte-
based multilayers to prepare inorganic nanoparticles.89-92  Multilayers of PSS and PDADMAC 
are used as matrices to prepare cobalt hydroxide (Co(OH)2), iron oxyhydroxide (β- and γ-
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FeOOH) and lead sulfide (PbS) nanoparticles.  The metal cations from a precursor nitrate or 
chloride salt aqueous solution bind to the sulfonate groups of the PDADMAC/PSS multilayers.  
Upon oxidation or sulfidation, the nanoparticles are formed.  By cycling through the binding and 
subsequent reaction steps, the nanoparticles can be enlarged.  Although the ability to form 
various inorganic materials has been amply demonstrated, the use of strong PMs to 
electrostatically bind metal cations is limited by the relative lack of free binding groups (i.e., 
sulfonate groups that are not bound to the PDADMAC ammonium groups) within the multilayer.  
It is unclear from their work where the metal cations could bind.  Because strong polyelectrolytes 
are by definition fully ionized in solution, upon assembly, all PSS sulfonate groups should be 
neutralized by the ammonium groups of the previously adsorbed PDADMAC.  Only in the 
surface region of the multilayer will some sulfonate groups remain free.  In fact, this thesis 
shows that PAH/PSS multilayers assembled at acidic pH conditions, in which PAH is fully 
ionized and behaves electrostaticly similar to PDADMAC, does not bind to metal cations in its 
bulk but rather only on the multilayer surface. 
1.4.   Thesis outline 
 
This thesis focuses on PMs as templates for inorganics at multiple length-scales and is 
subdivided as follows: Chapter 2 describes the basic methodology of using multilayers as 
templates for controlling the synthesis of metallic and semiconductor nanoparticles within 
PAH/PAA multilayers and elucidates the internal structure of PAH/PAA multilayers and the 
influence of assembly pH using probe inorganic ions and particles, Chapter 3 discusses the 
fabrication of heterostructure nanocomposites, Chapter 4 explores the optical properties of the 
nanocomposites and their photonic applications, Chapter 5 describes the use of multilayers for 
selective surface binding of Pd as catalysts for metal plating via electroless chemistry, Chapter 6 
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describes the use of in situ synthesized Pd nanoparticles as seed catalysts for further metal 
deposition within the multilayer, and Chapter 7 concludes the thesis and suggests some future 
research directions. 
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Chapter 2. In situ Synthesis of Metallic and Semiconducting Nanoparticles 
within Polyelectrolyte Multilayersi 
2.1. Introduction 
 
Nanocomposites of inorganic nanoparticles embedded within a polymer matrix have 
attracted much interest, particularly over the past decade, for their broad range of potential 
applications in catalysis,1,2 magnetics,3,4 and photonics.5-8  Nanometer-sized inorganic particles 
have unique properties stemming from quantum confinement effects and their large surface areas 
relative to their volumes as discussed in Chapter 1.9-11  To manipulate and process these 
particles into technologically useful forms, techniques for synthesizing nanoparticles within 
easily-processible organic, and particularly polymeric, templates have been developed.12-18 
Polyelectrolyte multilayer (PM) films formed from the weak polyelectrolytes, 
poly(allylamine hydrochloride) (PAH) and poly(acrylic acid) (PAA), can retain unbound, or free, 
carboxylic acid groups within the film depending on the choice of assembly pH conditions.19,20 
The “nanoreactor” scheme developed by Cohen and coworkers21,22 for carboxy containing block 
copolymers for nanoparticle synthesis is extended to PAH/PAA multilayers.  With this in situ 
synthetic methodology, it should be possible to synthesize a variety of metallic and 
semiconducting nanoparticles within the PM.  Moreover, it should be possible to vary both the 
concentration and size of the nanoparticles by manipulating the multilayer processing conditions. 
In this chapter, the “nanoreactor” scheme applied to PAH/PAA multilayers to synthesize 
a variety of metallic and semiconducting nanoparticles, including noble metals such as silver and 
chalcogenides such as lead sulfide, will be described.  Moreover, the nanoparticles are used to 
                                                 
i Portions of this chapter have been previously published in (a) Joly, S.; Kane, R.; Radzilowski, L.; Wang, T.; Wu, 
A.; Cohen, R. E.; Thomas, E. L.; Rubner, M. F. Langmuir 2000, 16, 1354-1359 and (b) Wang, T. C.; Rubner, M. F.; 
Cohen, R. E. Langmuir 2002, 18, 3370-3375. 
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probe the internal structure of PAH/PAA multilayers.  Finally, the systematic manipulation of 
inorganic concentration and particle size is demonstrated.  PM films with a range of 
concentrations of metal-binding carboxylic acid groups were prepared from different 
polyelectrolyte solution pHs.  As the pH of the polyelectrolyte solutions during PM assembly is 
increased, the carboxy groups become increasingly ionized.  Fewer free acid groups remain in 
the final film and available for subsequent silver cation binding.  At higher multilayer assembly 
pHs, with a smaller concentration of bound silver cations, smaller nanoparticle sizes and volume 
fractions were observed from the optical absorbance of the film, elemental analysis, and electron 
microscopy.  Moreover, the ion-exchange and reduction of silver cations to zerovalent Ag 
nanoparticles can be repeatedly cycled to increase metal concentration in the film.  Using this 
approach, the nanoparticle volume fraction in the PM can be increased by an order of magnitude. 
2.2. Experimental Section 
 
PAH (Mw=70,000), lead (II) acetate (Pb(ac)2) dihydrate, and silver (I) acetate (Ag(ac)) 
were obtained from Sigma-Aldrich (St. Louis, MO).  Bis(trimethylsilyl)sulfide (bisTMSsulfide) 
was obtained from Strem.  PAA (Mw=90,000) was obtained from Polysciences (Warrington, 
PA).  H2 gas (grade 4.7) was obtained from BOC Gases (Murray Hill, NJ).  All chemicals were 
used without further purification.  De-ionized water (> 18 MΩ-cm, Millipore Milli-Q), with an 
unadjusted pH of approximately 5.5, was exclusively used in all aqueous solutions and rinsing 
procedures. 
PAH/PAA-based multilayers were assembled on polystyrene (PS) tissue-culture 
substrates (corona-treated; Nalge Nunc International, Naperville, IL), glass microscope slides, or 
polished, single crystal silicon wafers (<100>) using an automated Zeiss HMS slide stainer as 
previously described.20  Silicon and glass substrates were degreased in a detergent solution 
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followed by air plasma treatment (5 min at 100 W; Harrick Scientific PDC-32G plasma 
cleaner/sterilizer) prior to multilayer assembly.  PS substrates were used as received.  PAH and 
PAA aqueous solutions were adjusted to the desired pH (±0.1) using either 1 M HCl or 1 M 
NaOH.  PMs were formed by first immersing substrates into the PAH solution (10-2 M by repeat 
unit) for 15 min followed by three 2-min immersions into water as rinsing steps.  The substrates 
then were immersed into the PAA solution (10-2 M) for 15 min followed by identical rinsing 
steps.  The adsorption and rinsing steps were repeated until the desired number of bilayers was 
obtained.  One bilayer is defined as a single adsorption of polycation followed by an adsorption 
of polyanion, and half a bilayer is a single adsorption of polycation; these are operational 
definitions and do not necessarily convey any structural information of the final assembly.  The 
PM was finally dried with a stream of air (room temperature) and stored at ambient conditions. 
The “nanoreactor” scheme consists of an ion exchange step followed by a reaction step of 
either reduction or sulfidation.  Generally, the PM films were first immersed in a dilute aqueous 
salt solution of the metal precursor (typically 0.5 to 5 mM at nominally neutral pH) for 30 h, 
where the acid protons of PAA were exchanged for the metal cations.  The films were then 
washed in water for 1 h and dried with a stream of air.  The metal-containing PMs were then 
either reduced in a H2 atmosphere (2 atm, 85 °C) or sulfidated in a dilute hydrogen sulfide 
atmosphere (room temperature) for 30 h, precipitating zerovalent metallic or metal sulfide 
semiconducting nanoparticles.  Hydrogen sulfide is generated only when needed within the 
sulfidation chamber (a sealed glass jar) by adding several drops of bis-TMS sulfide into a small 
(~20 mL) vial of water within the chamber.  Note that the long ion-exchange and 
reduction/sulfidation durations were conservatively employed to ensure completeness of the 
reactions and were not optimized; shorter durations (e.g., less than one hour) have also been 
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successfully used to prepare nanoparticles.  Additional zerovalent metal or metal sulfide was 
incorporated into the PM by repeating the process of ion exchange and reaction, also referred to 
as the nanoparticle synthesis cycle. 
For cross-sectional TEM imaging, multilayer films assembled on PS substrates were cut 
along a direction normal to the film plane using a Reichert-Jung Ultracut E or RMC MT-X 
ultramicrotome with a diamond knife (Diatome, Fort Washington, PA) at room temperature. 
Approximately 50 or 70 nm-thick cross-sections of the samples were obtained.  Cut sections 
were floated onto a trough of de-ionized water, immediately picked up with copper TEM grids, 
and blotted dry.  TEM was performed on ultramicrotomed samples using a JEOL JEM-2000FX 
operated at 200 kV.  While imaging, samples were tilted until the electron beam was oriented 
normal to the cross-section plane.  Diameters of approximately 100 particles for each sample 
were measured from digitized and magnified TEM images to obtain histograms and averages.  
The reported histograms and averages are likely biased toward the larger (i.e., most easily 
distinguishable) particles and hence should be treated as upper-bound estimates. 
Film thicknesses were measured by profilometry (Tencor P10) or extracted from cross-
sectional TEM images.  Film thickness was determined by profilometry from the step made from 
removing part of the film from the substrate.  Silver-free PM thicknesses were also measured 
using ellipsometry (Gaertner) at wavelengths of 633 nm and 830 nm and at 70o incidence.  
Thickness measurements differed by less than 10% across the different methods. 
Optical transmission measurements were performed using a Varian Cary 5E or Cary 500i 
spectrophotometer.  Near-normal reflectivities (fixed 7o off normal to the plane of the film) were 
measured using an absolute (VW configuration) specular reflectance accessory on the 
spectrophotometers.  Because specular reflectance became significant with multiple silver cation 
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exchange and reduction cycles, both transmittance and reflectance spectra were measured to 
calculate a corrected absorbance spectrum.  In addition, back reflections from the substrate were 
accounted for in the transmittances and reflectances.23  
Fourier transform infrared (FTIR) spectroscopy was performed in transmission mode 
using a Nicolet Magna IR 860 spectrometer with an uncooled deuterated triglycine sulfate 
(DTGS) detector, a KBr beam splitter, and an aperture of 100 (beam size = 8.75 mm).  Films 
were assembled on ZnSe IR windows (Thermo Spectra-Tech, Shelton, CT)ii.  2000 scans at 4 
cm-1 resolution were taken after 45 min of continuous N2 purging to remove atmospheric carbon 
dioxide and water.  Reported spectra were corrected for the substrate baseline. 
Quantitative elemental analyses of silver, obtained by acid-digestion of the 
nanocomposite film on a PS substrate and atomic emission spectroscopy, were performed by 
Galbraith Laboratories (Knoxville, TN) and Schwarzkopf Laboratory (Woodside, NY). 
2.3. Results 
2.3.1. In situ inorganic nanoparticle synthesis 
 
The in situ synthetic process is shown schematically in Figure 2-1 using Ag nanoparticle 
synthesis as an example.  PMs formed from PAH and PAA are used to bind metal precursors for 
subsequent nanoparticle synthesis.  By fabricating the PMs at an assembly pH where the PAA is 
only partially ionized, a fraction of its carboxy groups remain protonated (i.e., “free” acid 
groups) in the multilayer film.  Therefore, the acid protons can be subsequently exchanged for 
metal cations. Upon reduction, for example, zerovalent metal nanoparticles are formed. 
                                                 
ii The ZnSe substrate gained a dark gray hue (originally yellow-orange) after immersion in Ag(ac) aqueous solution.  
Although it did not appear to introduce any strong features in the IR region of interest, it did broadly change the 
background signal, making substrate correction difficult. 
 46
 
 
  A 15.5 bilayer PAH/PAA multilayer film (i.e., containing 31 individually adsorbed 
layers) assembled at pH 4.5 for PAH and pH 3.5 for PAA, denoted (PAH4.5/PAA3.5)15.5, and 
containing Ag nanoparticles formed from the hydrogen reduction of bound silver cations is 
shown in Figure 2-2.  Small 2 nm diameter particles are formed.  They are randomly and 
homogeneously distributed throughout the film.  This cross-sectional TEM image is the first 
reported direct imaging of the interior of any polyelectrolyte multilayer.  The nanoparticles 
remain stable in the multilayer for months (and likely much longer, though not tested) without 
agglomeration or phase separation as observed by TEM.  The multilayer film remains intact 
throughout the in situ nanoparticle synthetic process – after immersion in dilute salt solution (5 
mM) and heating to elevated temperatures (85oC).  Visible wavelength absorbance 
measurements of the Ag nanoparticle-containing multilayers showed a strong maximum centered 
around 440 nm, shown in Figure 2-3, corresponding to the surface plasmon resonance (SPR) and 
confirming that the nanoparticles were zerovalent Ag. 
 
Figure 2-1.  Schematic of the metal-ion exchange and reduction process (not 
drawn to scale). 
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The processing times employed (e.g., 30 h for silver cation exchange and 30 h for 
reduction) were not optimized for time.  Shown in Figure 2-3, the SPR absorbance of the Ag 
                                                 
iii The “salt and pepper” texture of the PS substrate imaged by TEM is expected from an amorphous polymer. 
Figure 2-2.  Cross-sectional TEM image of a PAH/PAA multilayer film 
(comprising 15.5 bilayers of PAH/PAA; total thickness ~90 nm) adsorbed onto a 
PS substrate.  Silver nanoparticles, ~2 nm in diameter, (dark dots) are distributed 
uniformly and densely throughout the film.iii 
Figure 2-3.  UV-vis absorbance spectra of (PAH4.5/PAA3.5)15.5+Ag with various 
durations of silver cation exchange, 15 min (dotted line), 3 h (dashed line), and 30 
h (solid line).  Reduction duration was 30 h for all cases. 
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nanoparticles is comparable for 3 and 30 h of silver cation exchange (i.e., absorbance maximum 
differed by ~10%, which is on the order of the difference from sample to sample variations) but 
much lower for only 15 min of exchange.  In addition, a higher absorbance after 30 h of 
reduction (~0.66 au) was obtained compared to after 10 h of reduction (~0.57 au), as shown in 
Figure 2-4.  Reduction durations longer than 30 h were not attempted.  Nevertheless, the 30 h 
reduction was able to achieve a stable (i.e., no change in optical response) nanocomposite when 
stored at ambient conditions.  As shown in Figure 2-5, after an initial decrease in the SPR 
absorbance, the spectra remained the same after 26 days.  The initial decrease in absorbance is 
attributed to the formation of a native silver oxide layer around the newly synthesized 
nanoparticles after removal from the H2 atmosphere.iv 
 
 
                                                 
iv X-ray photoelectron spectroscopy indicated the presence of silver oxide (results not shown), but no further studies 
were performed to quantify the amount of oxide or the kinetics of the oxidation process. 
Figure 2-4.  UV-vis absorbance spectra of (PAH4.5/PAA3.5)15.5+Ag with various 
durations of H2 reduction, 10 h (dashed line) and 30 h (solid line).  Silver cation 
exchange duration was 30 h for both cases. 
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The exchange and reduction of the silver cations after 30 h immersion in Ag(ac) solution 
and 30 h reduction in H2 was confirmed by FTIR spectroscopy, shown in Figure 2-6.  From the 
carbonyl stretch, acidic (at 1709 cm-1) and silver cation-exchanged (at 1547 cm-1) carboxy 
groups could be distinguished.  PAH/PAA films assembled at pH 2.5 have a large percentage of 
PAA carboxylic acid groups (~60-70% of carboxy groups in acidic form)v, as seen in the 
absorbance at 1709 cm-1 as well as 1547 cm-1.  After the 30 h immersion in Ag(ac) solution, the 
absorbance at 1709 cm-1 almost completely disappeared with a concomitant absorbance increase 
at 1547 cm-1, consistent with the conversion of the carboxylic acid groups to silver carboxylates.  
After the 30 h reduction, the carbonyl stretch at 1709 cm-1 was partially restored to its original 
strength, consistent with the reprotonation of the silver carboxylates to carboxylic acids from the 
                                                 
v Percentage calculated from the absorbances of the two carbonyl stretches and the extinction coefficients were 
assumed equal. 
Figure 2-5.  UV-vis absorbance spectra of (PAH4.0/PAA4.0)20.5+Ag measured 
(a, dotted line) immediately, (b, solid line) 10 days, and (c, dashed line) 26 days 
after 30 h reduction. 
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reduction of Ag(I) to Ag(0).  However, because of changes to the ZnSe substrate after Ag(ac) 
immersion and possible effects of the Ag nanoparticles in the nanocomposite film, quantitative 
analysis of the spectra was not possible. 
 
 
Other zerovalent metallic nanoparticles were similarly synthesized in PAH/PAA 
multilayers.  Gold nanoparticles, from gold (III) chloride precursor, and palladium nanoparticles 
(see Chapter 6), from tetraaminepalladium chloride precursor, were also distributed uniformly 
and randomly throughout the multilayer film. 
Chalcogenide (i.e., II-VI semiconductors) nanoparticles were synthesized by sulfidation 
of the bound metal cations instead of reduction.  Lead-containing multilayers, from a lead acetate 
Figure 2-6.  FTIR spectra of (PAH2.5/PAA2.5)20.5 (a) before and (b) after 
immersion in Ag(ac) aqueous solution for 30 h and (c) after H2 reduction at 85 oC 
for 30 h.  Arrows indicate carbonyl stretches of carboxylic acid at 1709 cm-1 and 
carboxylate at 1547 cm-1. 
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precursor, formed lead sulfide nanoparticles after exposure to H2S.vi  Cadmium and zinc sulfide 
nanoparticles were also prepared using the appropriate precursor metal acetate. 
2.3.2. Controlling metal concentration and nanoparticle size by PM assembly pH 
 
To demonstrate a control over Ag nanoparticle concentration and size in PMs, 20.5 
bilayers of PAH/PAA were assembled at five different pHs: 2.5, 3.0, 3.5, 4.0, and 4.5.  Dry film 
thicknesses were approximately 94, 89, 90, 110, and 140 nm, respectively.  PMs will be denoted 
as “(PAHx/PAAx)y+Agn” where x is the polyelectrolyte solution pH during PM assembly, y is 
the number of bilayers, and n is the number of silver cation exchange and reduction cycles.  It is 
important to emphasize that the Ag(ac) aqueous solutions used for silver cation binding were 
prepared at nominally neutral pH for all the PM films. 
Bright-field, cross-sectional TEM images of (PAHx/PAAx)20.5+Ag1 films, in Figure 2-7 
A-C for selected PM assembly pH conditions, show spherical Ag particles that are uniformly and 
randomly distributed throughout the film.  The particles have diameters ranging from ~2.1 nm 
for multilayers assembled at pH 4.5 to 3.8 nm for those assembled at pH 2.5.  Since it is not 
possible to quantitatively determine silver concentration from the TEM images, UV-vis 
transmission measurements and elemental analysis are used to quantify the changes in silver 
concentration with PM assembly pH and with n, the number of silver cation exchange and 
reduction cycles. 
                                                 
vi Because oxygen was present during sulfidation, the metal sulfide nanoparticles were most likely oxidized to an 
extent.  Chemical analyses of these nanoparticles were not performed. 
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The UV-vis transmission spectra for films assembled at different polyelectrolyte solution 
pHs and with n = 1 are shown in Figure 2-8.  It is known that the optical spectrum of small, 
isolated particles of silver embedded in a dielectric matrix is dominated by the SPR absorbance, 
a strong dipole absorption mode due to the collective oscillation of conduction electrons, so-
called surface plasmons.24  Spherical particles with diameters less than several hundred 
nanometers exhibit a single, strong absorption peak in the visible region of the spectrum.25  In 
the measured spectra, the characteristic SPR absorbance of the Ag nanoparticles dominates the 
visible wavelengths with a maximum centered ~440 nm; the other spectral feature is the UV 
absorption of the PM matrix and PS substrate.  The existence of a single absorption peak in the 
Figure 2-7.  Cross-sectional TEM images of (PAHx/PAAx)20.5+Ag1 with 
multilayers assembled at polyelectrolyte solution pHs of x = (A) 4.5, (B) 3.5, and 
(C) 2.5, and (PAHx/PAAx)20.5+Ag5 with multilayers assembled at x = (D) 4.5, 
(E) 3.5, and (F) 2.5.  Nanoparticle diameter histograms are insets (x-axis is 
diameter in nanometers and y-axis is number of sampled population); average 
diameters are (A) 2.1 ± 0.5 nm, (B) 3.1 ± 0.4 nm, (C) 3.8 ± 0.9 nm, 
(D) 6.5 ± 1.4 nm, (E) 7.4 ± 1.2 nm, and (F) 9.3 ± 2.1 nm. 
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visible, and no additional peaks as far as 1500 nm, is consistent with the observation from TEM 
images that the Ag nanoparticles are essentially spherical.  The flat transmission response at 
longer wavelengths to the red of the SPR absorption edge indicates that scattering is minimal; the 
nanoparticles in the PM films are much smaller than the probe wavelengths and the 
concentrations are relatively low with n = 1. 
 
 
 
The full width at half maximum (FWHM) of the SPR absorbance is related to the 
damping constant of the dipole resonance approximation of the SPR (see Chapter 4), which can 
be described classically by25 
R
vAR F+= ∞γγ )(      (2-1) 
where γ is the particle radius (R) dependent damping constant, γ∞ is the bulk damping constant 
(= vF/l∞ = 2.76×1013 s-1 at 298 K, l∞ is the bulk electron mean free path), A is a theory dependent 
parameter on the order of 1, and vF is the Fermi velocity (1.39×106 m/s for Ag).  For free 
electron metals, the damping constant is equal to the FWHM of the SPR absorbance.  Using 
Figure 2-8.  UV-vis transmission spectra, normalized to film thickness, of 
(PAHx/PAAx)20.5+Ag1 assembled at pHs of x = (●) 2.5,  (□) 3.0, (▲) 3.5, (○) 4.0, 
and (■) 4.5. 
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Equation 2-1, FWHMvii from Figure 2-8, and A = 1, the nanoparticle size was estimated and 
shown in Table 2-1. 
 
Assembly pH FWHM (s-1) Diameter, measured1 (nm) 
Diameter, 
calculated (nm) 
2.5  1.76 × 106 4 ± 4 2.6 
3.0  1.78 - 2.6 
3.5  1.59 3 ± 2 2.8 
4.0  1.55 - 2.9 
4.5  2.15 2 ± 2 2.1 
  1. cubic averaged, from TEM; histograms in Figure 2-7. 
 
 
The calculated nanoparticle diameters agreed well with the measured diameters, in spite 
of the limitations of the model, which assumed an ideal free-electron metal, thus no interband 
electronic transitions are considered, and ignored any particle-matrix or interparticle interactions.  
Cubic averaging of the TEM-obtained diameter, and hence resulting in the large standard 
deviations, was appropriate for comparison because the extinction cross-section scales with 
nanoparticle volume.25  The calculated diameters, however, failed to capture the trend of 
increasing particle size at lower assembly pHs, particularly the larger diameter nanoparticles in 
the film assembled at pH 2.5 observed in the TEM image.  Two hypotheses for the smaller 
calculated diameters, which result from SPR absorbance broadening, in films of low assembly 
pH are size polydispersity and increasing interparticle interactions.  Size polydispersity is 
                                                 
vii The FWHM was calculated by doubling the width measured from the frequency at the SPR absorbance maximum 
to the frequency at half the maximum on the red side of the SPR peak in order to avoid the convolution of the 
polymer absorbance below 400 nm. 
Table 2-1.  FWHM of SPR absorbance and calculated nanoparticle diameters of 
(PAH/PAA)20.5+Ag1 assembled at various pHs. 
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expected to have a larger effect on SPR absorbance width with larger particle sizes because of 
larger extinction cross-sections.  Interparticle interactions will be discussed in greater depth 
below. 
The SPR absorbance maximum, normalized to film thickness, increases with decreasing 
assembly pH of the PM.  Because the extinction cross-section scales with particle volume and 
the Ag nanoparticle diameter increases as the assembly pH of the PM decreases from 4.5 to 2.5, 
the stronger surface plasmon absorbance at low assembly pH can be partly attributed to the 
larger extinction cross-section of the larger nanoparticles.  To separate the effect of the 
concentration of absorbance centers from the effect of the extinction cross-section of those 
centers on the absorbance maximum, a dispersion model for the composite is required (see 
Chapter 4).  To determine the Ag concentration directly, elemental analysis of the 
nanocomposite films was performed. 
 
PM Assembly 
pH 
Ag Wt % 
(± 3%) 
Ag Vol % 
(± 0.3%) 
Ag/PM 
Mass Ratio (± 0.03) 
2.5 
 
n=1 
n=3 
n=5 
41 
65 
73 
    7.5 
18 
24 
  0.71 
1.9 
2.7 
3.0 n=1 
n=3 
n=5 
33 
56 
67 
     5.3 
13 
19 
  0.49 
1.3 
2.0 
3.5 n=1 
n=5 
34 
64 
     5.5 
17 
  0.51 
1.8 
4.0 n=1 
n=3 
n=5 
29 
51 
62 
     4.4 
11 
16 
  0.40 
1.0 
1.6 
4.5 n=1 
n=3 
n=5 
28 
45 
58 
    4.2 
    8.6 
14 
  0.38 
  0.83 
1.4 
 
Table 2-2.  Silver content within (PAHx/PAAx)20.5+Agn for various PM assembly 
pHs (x) and number of silver cation exchange and reduction cycles (n). 
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Elemental analysis of Ag in the PM, tabulated in Table 2-2, showed an increasing weight 
fraction of Ag with decreasing PM assembly pH, from 28% in pH 4.5 assembled films to 41% in 
pH 2.5 assembled films.  Using the bulk Ag density (10.5 g/cm3) and a PM density of 1.2, the 
calculated nanoparticle volume fraction increased from 4 to 8% as PM assembly pH decreased 
from 4.5 to 2.5.  During PM assembly, the degree of PAA ionization is controlled by the pH of 
the polyelectrolyte solutions.  It was previously reported that ~70% of the PAA carboxy groups 
were in their acidic form for films prepared at a pH of 2.5 while only ~30% were in their acidic 
form at a pH of 4.5 as determined by FTIR.22  Hence, the amount of PAA carboxylic acid groups 
retained in the final film, and therefore the amount of silver cations that can be bound, can be 
systematically controlled.  As the multilayer assembly pH was increased to 6.5, no Ag 
nanoparticles could be formed.  During LbL assembly at this pH condition, all the PAA carboxy 
groups and the PAH amine groups are ionized and fully pair up in the multilayer leaving no free 
acid groups for subsequent silver cation binding.23  
The PAA degree of ionization within the PM was also quantified using the silver 
elemental analysis results for one nanoparticle synthesis cycle.  Several assumptions were made:  
the amount of PAH or PAA adsorbed depended only on pair-wise electrostatic interactions, 
excess surface charge not compensated by the counter-polyion was ignored, the PAH was 
completely ionized, and silver cations bound only to carboxylic acid groups and with 100% 
efficiency (i.e., no carboxylic acid groups remain protonated after exchange).  The following 
relationships must therefore be satisfied: 
PAAPAAPAHPAHPM MMolMMolMass +=     (2-2) 
PAAPAH fMolMol =              (2-3) 
AgPAAAgAgAg MMolfMMolMass )1( −==     (2-4) 
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PAAPAH
Ag
PM
Ag
MfM
Mf
Mass
Mass
w +
−== )1(         (2-5a) 
PAHAg
PAAAg
wMM
wMM
f +
−=            (2-5b) 
where Mass and Mol are the total mass and total moles of the respective entities, M is the 
molecular or formula weight (based on ionized repeat unit if polyion) of the respective entities, f 
is the fraction of PAA carboxy groups that is ionized, and w is the Ag/PM mass ratio.   Equation 
2-2 is an equality.  Equation 2-3 follows from polyelectrolyte adsorption by pure electrostatics.  
Equation 2-4 follows from complete silver cation exchange.  Applying the definition of mass 
ratio in Equation 2-5a and substituting and rearranging terms, Equation 2-5b is obtained.  Using 
mass ratios for one silver cation exchange and reduction cycle (see Table 2-2), a broad PAA 
ionization curve was obtained, as shown in Figure 2-9.  The increasing ionization from ~40% (or 
60% free acid) at pH 2.5 to ~65% (or 35% free acid) at pH 4.5 is consistent with ionizations 
determined from FTIR.22  The difference between the ionizations calculated for pH 3.0 and 3.5 
is smaller than the error and is therefore insignificant.  The pKa of PAA in the multilayer is 
estimated to be between 3.0 and 3.5, at least one to two units lower than PAA in solution with no 
added salt.  From Equation 2-3, the mass ratio of PAA to PAH could also be calculated with the 
appropriate repeat unit formula weights, as shown in Figure 2-9.  As expected, more PAA than 
PAH was incorporated in the multilayer at lower assembly pHs to balance the charges. 
 
 58
 
   
2.3.3. Controlling metal concentration and nanoparticle size by repeated nanoparticle synthesis 
 
To expand the range of concentrations and particle sizes that can be accessed by 
manipulating film assembly pH, the nanoparticle synthetic methodology can be repeatedly 
cycled to increase the Ag content.  After the reduction of exchanged Ag(I) cations to Ag(0) 
nanoparticles, the carboxylic acid groups are reprotonated permitting further metal cation 
binding.  Figure 2-7 D-F shows TEM images of PAH/PAA-based films for selected PM 
assembly pH conditions with n = 5.  A significant increase in the particle size is observed 
compared to films with n = 1.  In films assembled at a pH of 4.5, where the lowest initial 
nanoparticle volume fraction was obtained, particle diameters increased from 2.1 to 6.5 nm after 
five cycles.  Between n = 1 and n = 5 for films assembled at pH 2.5, the average particle 
Figure 2-9.  (●) Degree of PAA ionization and (□) ratio of PAA mass to PAH 
mass as a function of assembly pH; calculated from Ag/PM mass ratios with one 
silver cation exchange and reduction cycle. 
 59
diameter increased from 3.8 to 9.3 nm.  Moreover, the nanoparticles continue to be uniformly 
distributed throughout the multilayer film after five cycles. 
The silver content from elemental analysis, reported as the mass ratio of silver to PM, 
increases with n as shown in Figure 2-10.  For a PM assembled at a given pH, the silver content 
increases by approximately the same amount with every cycle.  However, a linear fit of the data 
(not shown) does not give a zero intercept, though the deviation is small and can be partly 
accounted for by the error.  This suggests that while there may be some physical (e.g., reduced 
mass transport due to blockage) or chemical (e.g., unfavorable local equilibrium) limitations to 
silver cation exchange into the PM that become more significant at higher synthesis cycles, they 
are minimal at least up to five cycles (n = 5).  The calculated nanoparticle volume fraction 
increases from 4 to 14% in pH 4.5-assembled films and 8 to 24% in pH 2.5-assembled films after 
five cycles.  The volume fraction can also be independently estimated from the increase in film 
thickness, assuming a constant film area.  For PMs assembled at a pH of 2.5, the thickness of the 
film as determined from TEM images increased approximately 25% after five cycles, 
comparable to the elemental analysis-derived 24%. 
 
 
Figure 2-10.  Silver to PM mass ratio as a function of n for 
(PAHx/PAAx)20.5+Ag1 assembled at pHs of x = (●) 2.5,  (□) 3.0, (▲) 3.5, (○) 4.0, 
and (■) 4.5. 
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The optical spectra of these films exhibit a broadening and eventual splitting of the 
surface plasmon absorbance peak as n increases from 1 to 5.  The spectra of multilayers 
assembled at pH 3.5 are shown in Figure 2-11.  Similar absorbance behavior is observed for the 
films assembled at the other pH conditions.  At lower assembly pHs (results not shown), the 
absorbance is broader and the splitting is slightly more pronounced, though still far from 
complete.  The evolution in the shape of the surface plasmon absorbance is consistent with 
increasing interparticle interactions as n increases.25 
 
2.4. Discussion 
 
PAH/PAA multilayers assembled at relatively low pH (see below), as is the case at 
4.5/3.5, contain PAA carboxylic acid groups that do not participate in binding to PAH 
ammonium groups.  These acid groups can undergo ion-exchange with metal cations.  Further 
reaction of the incorporated metal cations forms nanoparticles, zerovalent metallic ones if the 
cations are reduced or semiconducting ones if they are sulfidated.  Because the nanoparticles are 
small and expected to be immobile within the multilayers, due to limited diffusion from size and 
chemical stabilization by the carboxy groups,26 they can be probes for the internal structure of 
Figure 2-11.  Absorbance spectra of (PAH3.5/PAA3.5)20.5+Agn with n = (●) 1,  
(□) 2, (▲) 3, (○) 4, and (■) 5.  The corrected absorbance is presented rather than 
the uncorrected transmission because specular reflection from the thin film 
becomes significant and overlaps with the surface plasmon absorbance as more 
silver is added. 
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PAH/PAA multilayers.  Specifically, the location of Ag nanoparticles should coincide with the 
presence of PAA carboxy groups. 
As discussed in Chapter 1, evidence from neutron and x-ray reflectivity experiments 
suggests that multilayers consisting of a pair of polyelectrolytes are highly interpenetrated.  The 
TEM imaging from this work confirms such a view of PAH/PAA multilayers.  The 
homogeneous distribution of the Ag nanoparticles throughout the cross-section of the film 
indicates the PAH and PAA chains interpenetrate at least one adsorbed layer into their neighbors.  
The incremental thickness of each adsorbed layer of PAH or PAA is on average as large as the 
nanoparticle diameter for the pH range examined (2.5 – 4.5).20  So stratified layers of Ag 
nanoparticles should have been observed if the PAH and PAA were well segregated. 
For all the assembly pHs explored, the multilayer structure comprising only PAH and 
PAA is a uniform blend of the two polymers. Even those structures consisting of 
PAH4.5/PAA3.5 and PAH7.5/PAA3.5 (see Chapter 6), which have the thickest incremental 
adsorbed layers for the PAH/PAA system (e.g., 9 nm PAH and 6 nm PAA)20 and were initially 
expected to be stratified, had a homogeneous distribution of nanoparticles.viii  Therefore, such 
films composed of PAH and PAA should be treated as a molecular blend, at least with respect to 
the distribution of functional groups and not necessarily to polymer chains.  As will be discussed 
in Chapter 3, stratified assemblies can be fabricated because the polymer chains are in fact highly 
localized in the direction perpendicular to the film plane. 
PAA, with a solution pKa between 5 and 6 depending on polymer concentration and ionic 
strength,27 is less ionized at lower assembly pHs and therefore more carboxy groups remain 
acidified in the final PM structure and are available to participate in subsequent ion exchange 
                                                 
viii It has been reported in the literature that multilayers, composed of two polyelectrolytes, assembled with drying 
steps after each adsorption step have shown more stratified structures.   
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with silver cations.  Not only are there more carboxylic acid groups relative to carboxylate 
groups on a PAA chain at lower assembly pHs, but more PAA chains relative to PAH chains are 
incorporated into the multilayer.23  During assembly at lower pHs, multilayers with a PAA 
surface are less ionized and hence have a lower surface charge, reducing the amount of PAH 
adsorbed.  When PAA is adsorbed to a PAH surface at lower pHs, the PAA is less ionized and 
hence more chains are adsorbed onto the PAH surface for charge compensation.  The result is a 
higher concentration of carboxylic acid groups at lower assembly pHs.  It is also important to 
note that other multilayer assembly pH combinations not explored in this thesis can be used to 
obtain a range of carboxylic acid concentrations with other physical architectures (e.g., adsorbed 
layer thickness) and morphologies.23,28 
While the multilayer assembly pH is an independent parameter for controlling the amount 
of silver cations exchanged into the multilayer, other factors also influence the final nanoparticle 
size.  One hypothesis for the relatively small particle sizes with n = 1, diameters between 2.1 nm 
at pH 4.5 and 3.8 nm at pH 2.5, is the particle stabilizing attributes of carboxylic acid groups.  At 
low silver cation concentrations, particles grow until they reach a size with a surface area that 
can be stabilized by the polymer.  This is analogous to the use of polymer concentration in 
solution synthesis of nanoparticles as a parameter for tuning particle size.26  Since the density of 
polymer, and hence of stabilizing ligands, is relatively high in the dry films, the particle size 
should be relatively small.   
Additionally, silver cation proximity in the multilayer film also appears to play a role in 
determining final particle size as seen in the small variation in particle diameters with assembly 
pH at n = 1.  At the lower assembly pHs where silver cation concentrations are higher, average 
particle diameters are larger while particle concentrations are smaller.  From the nanoparticle 
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volume fractions and average diameters (i.e., not accounting for size dispersity), nanoparticle 
concentrations are estimated to be 8.7×1018 particles/cm3, 3.5×1018 particles/cm3, and 
2.6×1018 particles/cm3 in films assembled at pH 4.5, 3.5, and 2.5, respectively.  This observation 
is more pronounced with increasing n, where the cations are in much closer proximity to 
previously formed nanoparticles.  Aggregation of the particles may occur, though no gross 
coagulation of particles is observed in the TEM images.  During successive silver cation 
exchange and reduction cycles, the particle size after each cycle becomes larger than the amount 
of silver introduced per cycle as determined by elemental analysis.  For example, the 
nanoparticle volume fraction increases from 8 to 24% after five cycles in films assembled at 
pH 2.5.  If the nanoparticle concentration is assumed to remain constant (i.e., all newly 
introduced silver is incorporated into existing particles), the nanoparticle diameter should be ~6 
nm in contrast to the observed 9.3 nm average.  This suggests that the particles are growing by a 
mechanism that incorporates previously existing nanoparticles as in aggregation or Ostwald 
ripening. A similar mechanism has been argued for nanoparticle synthesis in block 
copolymers.29     
The increasing proximity between nanoparticles as n increases was also reflected in the 
broadening and eventual twinning of the SPR absorbance.  Interparticle interactions become 
significant as n increases.  One study reported that Ag nanoparticles in a 2-D periodic array 
began to interact with one another at interparticle spacings of approximately one particle 
diameter.30  An estimate of interparticle spacing in the PM matrix, defined as the shortest 
distance from the surface of one particle to the surface of another and normalized to particle 
diameter, can be made by assuming a face-centered cubic arrangement of same-sized, spherical 
nanoparticles.  For pH 4.5 assembled films with 2.1 nm diameter particles at a volume fraction of 
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4%, the interparticle spacing is 1.6 diameters (3.4 nm).  For pH 2.5 assembled films with 3.8 nm 
diameter particles at a volume fraction of 8%, the interparticle spacing is smaller at 1.2 diameters 
(4.4 nm).  Based on these estimates, the interparticle interactions should be minimal with n = 1, 
consistent with the single absorbance peak observed.  With larger n, however, interparticle 
spacings are estimated to reduce to 0.75 diameters (4.9 nm) in pH 4.5 assembled films with n = 5 
and 0.47 diameters (4.3 nm) in pH 2.5 assembled films with n = 5, where interactions become 
significant.  It is important to note, however, that the nanoparticles in the PMs are arranged not in 
such a well-ordered structure in the film but rather randomly.  Additionally, percolation, as 
determined by in-plane resistance measurements, was not observed for the 
(PAH2.5/PAA2.5)20.5+Ag5 film with 24% nanoparticle volume fraction. 
2.5. Conclusion 
 
Small Ag nanoparticles were synthesized within PAH/PAA multilayers by reduction of 
silver cation precursors that were bound to available carboxylic acid groups within the film.  The 
nanoparticles were uniformly distributed within the multilayers, due to the uniformly distributed 
carboxylic acid groups that result from extensive interpenetration between adsorbed PAH and 
PAA.  The in situ synthetic methodology is applicable to a variety of other metals, only requiring 
the precursor to be in the form of a metal cation that can bind to the PAA carboxylic acid groups.  
In addition to reducing metal cations to zerovalent metal nanoparticles like Au and Pd, 
sulfidation has been used to prepare chalcogenide semiconductor nanoparticles like CdS, PbS, 
and ZnS.  Besides binding metal cations within PMs to form nanoparticles, the selective binding 
of palladium complex cations to PAH/PAA-based multilayer surfaces to activate them for 
electroless nickel plating will be described in Chapter 5. 
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Silver nanoparticle size and the overall silver concentration can be systematically 
manipulated within PAH/PAA-based multilayers.  This is accomplished by the control afforded 
by the multilayer assembly pH over the number of free acid groups within the multilayer and by 
the flexibility of the silver nanoparticle synthesis to facilitate repeated cycling.  The manipulation 
of PM assembly pH and the number of metal cation exchange and reduction cycles discussed in 
this chapter for silver should be readily generalized to other inorganic systems.  Moreover, one 
should be able to extend the multiple metal cation exchange and reduction scheme to form mixed 
metal or bimetallic nanocomposite systems, analogous to work in carboxylic acid-containing 
block copolymer matrices.31 
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Chapter 3. Nanocomposite Heterostructuresi 
3.1. Introduction 
 
While metallic and semiconducting nanoparticles could be synthesized in poly(acrylic 
acid)/poly(allylamine hydrochloride) (PAH/PAA) multilayers with controllable size and 
concentration, as described in Chapter 2, their spatial distribution within the film could not be 
controlled.  The interpenetration between adjacent adsorbed PAH and PAA precluded any 
stratification of the in situ synthesized nanoparticles.  In this chapter, the preparation of 
discretely stratified blocks of nanoparticle-containing and nanoparticle-free multilayers will be 
described.  These stratified blocks of different materials, and hence with different properties, and 
of controlled thickness are important heterostructures for optical applications (Chapter 4).  The 
degree to which nanoparticles can be confined within discrete strata is also important for the 
elucidation of the degree of interpenetration between adsorbed polyelectrolyte layers in these 
systems.1 
3.2. Experimental Section  
 
PAH (Mw=70,000), poly(4-styrenesulfonate) (PSS) (sodium form, Mw=70,000), and 
silver (I) acetate (Ag(ac)) were obtained from Sigma-Aldrich (St. Louis, MO).  PAA 
(Mw=90,000) was obtained from Polysciences (Warrington, PA).  H2 gas (grade 4.7) was 
obtained from BOC Gases (Murray Hill, NJ).  All chemicals were used without further 
purification.  De-ionized water (> 18 MΩ-cm, Millipore Milli-Q), with an unadjusted pH of 
approximately 5.5, was exclusively used in all aqueous solutions and rinsing procedures. 
                                                 
i Portions of this chapter have been previously published in (a) Joly, S.; Kane, R.; Radzilowski, L.; Wang, T.; Wu, 
A.; Cohen, R. E.; Thomas, E. L.; Rubner, M. F. Langmuir 2000, 16, 1354-1359 and (b) Wang, T. C.; Rubner, M. F.; 
Cohen, R. E. Langmuir 2002, 18, 3370-3375. 
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PAH/PAA-based multilayers were assembled on polystyrene (PS) tissue-culture 
substrates (corona-treated; Nalge Nunc International, Naperville, IL) or glass microscope slides 
using an automated Zeiss HMS slide stainer as previously described.2  Glass substrates were 
degreased in a detergent solution followed by air plasma treatment (5 min at 100 W; Harrick 
Scientific PDC-32G plasma cleaner/sterilizer) prior to multilayer assembly.  PS substrates were 
used as received.  PAH and PAA aqueous solutions were adjusted to the desired pH (±0.1) using 
either 1 M HCl or 1 M NaOH.  Briefly, PMs were formed by first immersing substrates into the 
PAH solution (10-2 M by repeat unit) for 15 min followed by three 2-min immersions into water 
as rinsing steps.  The substrates then were immersed into the PAA solution (10-2 M) for 15 min 
followed by identical rinsing steps.  The adsorption and rinsing steps were repeated until the 
desired number of bilayers was obtained.  Multilayers of PAH/PSS were similarly prepared 
except, in some cases, 0.1 M NaCl was added to the polyelectrolyte solutions prior to pH 
adjustment.  The PM was finally dried with an air stream (room temperature) and stored at 
ambient conditions. 
Details of the in situ nanoparticle synthetic methodology can be found in Chapter 2.  
Briefly, the PM films were first immersed in Ag(ac)aq (5 mM, nominally neutral pH) for 30 h, 
where the acid protons of PAA carboxylic acid groups were exchanged for the silver cations.  
The films were then washed in water and dried in air.  The Ag(I)-containing PMs were reduced 
in a H2 atmosphere (2 atm, 85°C) for 30 h, forming Ag(0) nanoparticles and regenerating the 
carboxylic acid protons.  Additional silver was incorporated into the PM by repeating the process 
of ion exchange and reduction. 
The shorthand notation for the PM nanocomposite introduced in Chapter 2 is also used 
and extended here. [(PAHx1/PAAx2)y1(PAHx3/PSSx4)y2]z+Agn refers to a multilayer with a 
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stratum composed of y1 bilayers of PAH assembled at pH x1 with PAA assembled at pH x2 
alternating z times with another stratum composed of y2 bilayers of PAH assembled at pH x3 
with PSS assembled at pH x4 and that has undergone n nanoparticle synthesis cycles.  
Top-down (plan-view) transmission electron microscopy (TEM) images were obtained 
for nanoparticle-containing multilayers assembled on PS substrates.  The PS was dissolved in 
toluene and the intact PM film was picked up with TEM grids.  For cross-sectional TEM 
imaging, multilayer films assembled on PS substrates were cut along a direction normal to the 
film plane using a Reichert-Jung Ultracut E or RMC MT-X ultramicrotome with a diamond knife 
(Diatome, Fort Washington, PA) at room temperature. Approximately 50 or 70 nm-thick 
cross-sections of the samples were obtained. Cut sections were floated onto a trough of 
de-ionized water, immediately picked up with copper TEM grids, and blotted dry.  TEM was 
performed using a JEOL JEM-2000FX operated at 200 kV.  While imaging, samples were tilted 
until the electron beam was oriented normal to the cross-section plane. 
Energy dispersive X-ray spectroscopy (EDS) was performed in a Vacuum Generators 
HB-603 scanning transmission electron microscope (STEM) operated at 250 kV. Spectra of 
characteristic X-rays were collected from the cross-section at a series of points spaced 5-8 nm 
apart.  X-rays were counted at two adjacent points equally far from the substrate for 30 s per 
point to minimize electron-beam-induced contamination. 
The surface topology of nanoparticle-containing multilayers was mapped with tapping 
mode AFM using a Digital Instruments Dimension 3000 Scanning Probe Microscope with 
Nanoscope IIIa controller.  Silicon cantilevers (nominal specified tip radius 5-10 nm) were used.  
The AFM images were compared to the plan-view TEM images. 
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3.3. Results 
3.3.1. Heterostructures comprising PAH, PAA, and PSS 
 
Nanoparticles can be selectively prepared and spatially positioned within PMs in 
stratified structures consisting of nanoparticle-containing multilayers and nanoparticle-free 
multilayers by adsorbing a strong polyanion (i.e., fully ionized independent of solution pH) such 
as poly(sodium 4-styrenesulfonate) (PSS) instead of PAA during PM assembly.  The PSS 
sulfonate groups become completely bound to the PAH ammonium groups during multilayer 
assembly leaving no ion-exchangeable groups for metal cation binding. 
Figure 3-1 shows a heterostructure film after the in situ synthesis of Ag nanoparticles.  
The film is made up of a stratum comprising PAH/PAA multilayers alternating twice with one 
comprising PAH/PSS multilayers.  Only the PAH/PAA strata contain the 2 nm diameter Ag 
nanoparticles.  The Ag nanoparticles appear homogeneously distributed within both PAH/PAA 
strata, suggesting that the silver precursor cations were able to diffuse completely into the film.  
In addition, note the dramatic difference in the thicknesses of the PAH/PAA multilayers 
compared with the PAH/PSS multilayers.  Although the PAH/PSS multilayer stratum contains 
30 bilayers, it is around half the thickness of the PAH/PAA multilayer stratum, which contains 
only 11 bilayers.  The thicknesses are consistent with the respective PAH/PAA only and 
PAH/PSS only “homostructures”. 
 71
 
 
Elemental mapping of the cross-sectioned film by EDS, shown in Figure 3-2, confirmed 
the confinement of Ag nanoparticles within the PAH/PAA multilayers; the S signal from the PSS 
maps inversely to the Ag signal.  The overlap width between the Ag and S signals is 
approximately 10-15 nm.  Because of sample charging by the electron beam and deposition of 
carbonaceous material during mapping, the resolution of the map is larger than the electron 
probe size of ~1 nm. 
 
 
Figure 3-1. (A) Cross-sectional TEM image of a multilayer thin film comprising 
PAH/PAA multilayer strata alternating with PAH/PSS multilayer strata on a PS 
substrate (final structure: [(PAH4.5/PAA3.5)11/(PAH4.5/PSS3.5)30]2(PAH4.5)).   
Silver nanoparticles are the dark dots (~2 nm diameter).  (B) Higher 
magnification image of a region of the film. 
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Despite the interpenetration between adsorbed layers, a single bilayer of PAH/PAA could 
be confined between strata of PAH/PSS multilayers as shown in Figure 3-3A.  Multilayer 
PAH/PAA strata were assembled with the PAH/PSS multilayers to improve visualization.  A line 
of Ag nanoparticles can be distinguished at the mid-plane of the film.  Figure 3-3B shows a 
portion of the film where the electron beam has imparted enough stress due to charging to 
separate the film in half along the (PAH/PAA)1 bilayer.  This type of beam damage was not 
observed with any of the homostructure PAH/PAA films discussed in Chapter 2.  The ability of 
the top-half of the film to stretch in this manner is a qualitative indication of the robustness and 
elasticity of the PMs.  No quantitative measurement of the mechanical properties of any LbL 
film has been reported in the literature. 
 
Figure 3-2.  EDS profile of the cross-sectioned TEM film shown in Figure 3-1, 
scanned perpendicularly to the multilayer plane.  The silver (L line) and sulfur (K 
line) signals partially overlap because of layer interpenetration at the interfaces, 
but essentially the two chemical species are confined to the alternating strata of 
PAH/PAA and PAH/PSS multilayers. 
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Repeated cycling of the Ag nanoparticle synthesis, described in Chapter 2, applies 
equally well to the spatially-defined heterostructures consisting of three polyelectrolytes, PAH, 
PAA, and PSS, where PAH/PAA multilayers alternate with PAH/PSS multilayers.  Silver 
nanoparticles are spatially selective for and confined to the PAH/PAA multilayers over multiple 
exchange and reduction cycles.  Figure 3-4 shows magnified portions of relatively thick, ~1.3 
Figure 3-3.  (A) Cross-sectional TEM image of a heterostructure with in situ 
synthesized Ag nanoparticles comprising one (PAH/PAA) bilayer sandwiched 
between (PAH/PSS)30 multilayers and book ended by (PAH/PAA)10.5 and 
(PAH/PAA)10 multilayers.  (B) Same heterostructure except the electron beam 
charging has “unzipped” part of the heterostructure through the single 
(PAH/PAA) bilayer. 
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µm, stacked structures consisting of five (PAH3.0/PAA3.0)24 strata alternating with four 
(PAH3.0/PSS3.0)77 strata on a PS substrate after one nanoparticle synthesis cycle (n = 1)  and 
after five cycles (n = 5), where the Ag nanoparticles are confined to the PAH/PAA multilayers.  
Even with this thick stack, an order of magnitude thicker than those typically prepared (< 0.1 
µm), Ag nanoparticles are uniformly distributed in the PAH/PAA multilayers and absent from 
the PAH/PSS multilayers.  Also, note that the Ag nanoparticles appear larger at the strata 
interfaces than the nanoparticles within the PAH/PAA strata. 
 
 
 
 
 
Figure 3-4. Cross-sectional TEM images of magnified, selected regions at the 
free surface and next to the substrate of [(PAH3.0/PAA3.0)24 
(PAH3.0/PSS3.0)77]4.5+Agn heterostructure with n = (A) 1 and (B) 5.  . 
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3.3.2. Surface activity 
 
Thus far, the focus of Ag nanoparticle synthesis has been on the interior of the PMs.  As 
will be seen in Chapter 6, the PM surface is also an important region in which to control metal 
ion complexation and binding.  Figure 3-5 shows plan-view TEM and AFM height images of 
(PAH2.5/PAA2.5)10.5 + Ag1 on a PS substrate.  In contrast to the 4 nm diameter nanoparticles in 
the interior of the film, seen in the cross-sectional TEM images of Chapter 2, the surface contains 
30-40 nm diameter nanoparticles.  At these assembly pH conditions, even with a PAH last 
adsorbed layer that does not contain metal-binding carboxylic acid groups, the interpenetration 
of the PAA underlayer into the PAH is enough to facilitate nanoparticle synthesis at the surface. 
Perhaps surprisingly, these large surface particles are not typically observed in the cross-
sectional TEM images.  Apparently, the surface particles are not well adhered to the surface and 
can be easily removed.  Because the cross-sectioned thickness (~50 nm) is on the order of the 
surface particle diameter, the microtomy process likely dislodges most of the surface particles.  
In Figure 3-6, plan-view and cross-sectional TEM images as well as AFM height images are 
shown of (PAH2.5/PAA2.5)10.5 + Ag5.  Like the interior nanoparticles that enlarge after multiple 
nanoparticle synthesis cycles, the surface particles are almost 100nm in diameter after five 
synthesis cycles.  The surface particles were easily removed by gently wiping the film surface 
with a wetted cotton swab.  The AFM height image, in Figure 3-6E, shows a smooth surface 
after wiping.  The cross-sectional TEM images before (Figure 3-6C) and after (Figure 3-6D) 
wiping show that the surface particles were removed without disturbing the underlying film and 
interior nanoparticles. 
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Figure 3-5.  (A) Plan-view TEM image and (B,C) tapping mode AFM height 
images of (PAH2.5/PAA2.5)10.5 + Ag1 assembled on a PS substrate.  In AFM 
images, light contrast is high. 
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Figure 3-6.  (A) Tapping-mode AFM height image, (B) plan-view TEM image, 
and (C) cross-sectional TEM image of (PAH2.5/PAA2.5)10.5+Ag5 assembled on a 
PS substrate.  (D) Cross-sectional TEM image and (E) AFM height image of the 
same film after wiping surface with wet cotton swab.  Light contrast is high, or 
larger z, in AFM images. 
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3.4. Discussion 
 
It is important to recall that the in situ Ag nanoparticle synthesis occurs after the 
multilayer is completely assembled.  The silver cations access the entire thickness of the film and 
bind only within the PAH/PAA strata.  This excellent selectivity of the silver cations for the 
PAH/PAA strata is consistent with evidence in the literature that multilayers of fully ionized 
polyelectrolytes, like the PAH/PSS used in this work, are completely intrinsically charge 
compensated (i.e., the charged segments of the polyanion are balanced with the oppositely 
charged segments of the polycation) except at the surface.3,4  No small ions reside within the 
multilayer of fully ionized polyelectrolytes to compensate for any charged polymer segments.  
Thus there are no electrostatic binding groups available within PAH/PSS to bind the silver 
cation. 
Because the silver cation binding can be confined to the PAH/PAA strata, the obvious 
question is the sharpness of the interface between the PAH/PAA and PAH/PSS strata.  For two 
component PMs (e.g., PAH/PAA), the interfacial width is on the order of the thickness of the 
adsorbed polymer layer (see Chapter 1) and hence nanoparticles synthesized within these films 
are homogenously distributed over the entire film thickness as shown in Chapter 2.  The ability 
to form a discrete line of nanoparticles within a single bilayer of PAH/PAA sandwiched between 
PAH/PSS strata suggests that the interfacial width is no more than the thickness of an adsorbed 
layer.  In fact, the splitting of the film in the region of (PAH/PAA)1 indicates a weakness of the 
interface between (PAH/PAA) and (PAH/PSS).  A working hypothesis is that the degree of 
interpenetration is smaller upon transitioning between the two pairs of polyelectrolytes compared 
to between just PAH and PAA.  In the weak polyacid case and at an assembly pH of 3.5, the 
PAH and PAA adsorb in a more coiled conformation with many loops.2  PAH and PSS 
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assembled without salt, however, adsorb in a highly distended conformation with primarily 
trains.  The particularly tight-stitched structure of the PAH/PSS layers may prevent 
interpenetration by PAH/PAA layers. 
The interfaces of these heterostructure films are also important regions to consider with 
regards to the nanoparticle size.  At both the free surface (i.e., multilayer and air interface) and 
the PAH/PAA-PAH/PSS interface, the Ag nanoparticles are larger than their counterparts in the 
interior of the PAH/PAA strata.  Moreover, the surface particles appear larger than the particles 
at the interior interfaces.  In Chapter 2, the diminutive nanoparticle size in PAH/PAA multilayers 
was rationalized by polymer mass transport and carboxy group stabilization constraints.  The 
differences in particle size at the two different interfaces are consistent with this hypothesis.   At 
the interior interfaces, the polymer mass transport constraint still exists to prevent nanoparticles 
from readily diffusing.  However, fewer stabilizing carboxy ligands are present to restrict the 
nanoparticle growth during synthesis.  At the free surface, both these constraints are absent, 
permitting the nanoparticles to grow up to two orders of magnitude larger than in the interior of 
PAH/PAA multilayers. 
3.5. Conclusion 
 
Stratified PMs were assembled using a combination of two pairs of polyelectrolytes – 
PAH/PAA and PAH/PSS.  Silver nanoparticles were synthesized selectively within the 
PAH/PAA strata.  Moreover, the degree of interpenetration between adsorbed polymer layers 
was only on the order of the adsorbed layer thickness.  The sharpness of the interface between 
PAH/PAA and PAH/PSS strata and the tunability of the multilayer thicknesses down to the 
nanoscale are potential assets in exploiting spatially-defined, nanoparticle-containing PMs for 
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applications.  In particular, Chapter 4 will describe photonic structures based on these PM 
nanocomposites. 
The surface of PAH/PAA multilayers was found to be a different environment than the 
multilayer interior for synthesizing nanoparticles; much larger particles were formed.  Therefore, 
controlling the surface carboxy functionality of the multilayers must be considered 
independently of the carboxy functionality within the multilayer.  The ability to completely 
passivate the multilayer surface or selectively activate spatial regions of a surface for metal 
binding will be considered in Chapter 5. 
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Chapter 4. Optical Properties and Photonic Applications 
4.1. Introduction 
 
Photonic crystals are structures with a periodic refractive index in one or more 
dimensions over length scales on the order of the wavelength of light; they are optical 
equivalents to electronic semiconductors.1-3  Light having a wave vector and polarization within 
the photonic bandgap (PBG) of these photonic crystals cannot propagate within the material.  
One-dimensional photonic crystals, which consist of a stack of alternating high and low 
refractive index strata, are well known, ranging from the classic dielectric Bragg stack4 to the 
recently conceived omni-directional reflector.5  These one-dimensional structures are formed by, 
for example, thermal evaporation, spin-coating, and sol-gel chemistry.6,7  For two- and three-
dimensional photonic crystals, which may have a complete PBGi and are potential components 
for integrated optical circuits, semiconductor microfabrication techniques have been employed to 
pattern structures for optical and infrared wavelengths.8,9  These approaches for fabricating 
photonic crystals are often complicated, expensive, difficult to implement over large areas, and 
incompatible with organic materials.    
In contrast to the conventional processing approaches and materials, self-assembly 
methods and soft materials have attracted much attention recently as the basis for photonic 
crystals because of their ease of processing at mild conditions, relative low cost, scalability to 
large areas, and compatibility with organic optoelectronics.10  Researchers have employed self-
assembled colloids11-13 and microphase-separated block copolymers14,15 to form photonic 
crystals.  These systems have the additional advantage that 3-dimensional structures with 
                                                 
i A complete bandgap forbids propagation of a particular wavelength of light over all incidence angles; incomplete 
bandgaps are often referred to as stop bands. 
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complete PBGs can be formed spontaneously.  However, soft materials and self-assembly have 
several drawbacks.  It is difficult to control defects within the material and to obtain large area 
single photonic crystals (e.g., controlling grain size in block copolymer morphologies)16 in self-
assembled systems.  Moreover, in many instances, the size of the photonic crystal unit cell must 
be determined prior to assembly.  For block copolymers, synthesis of the appropriate block 
molecular weights or blending with the appropriate amount of homopolymer is required.  For 
colloids, synthesis of the appropriate colloid size is required.  Finally, while soft materials often 
possess desirable processing and economic attributes, they typically span a limited range of 
refractive indices.  Circumventing these limitations is currently a major research challenge.  
Surface topography17,18 and external fields19 have been employed to obtain large area colloidal 
single-crystals.   To enhance the dielectric contrast, inorganic semiconductors or metals have 
been incorporated in block copolymers20,21 and colloidal systems.22,23 
A promising alternative for assembling soft materials for photonic crystals is the layer-
by-layer electrostatic assembly of polyelectrolytes (LbL assembly), where a polycation and 
polyanion are alternatingly adsorbed from aqueous solution onto a substrate.24  This versatile 
process can be used to form thin polymer multilayer films with large area uniformity and 
conformal coating onto a diverse range of substrates, from flat glass slides to spherical polymer 
colloids.25  The chemical composition, relative concentration of functional groups, spatial 
distribution of functional groups, physical layer thickness, and surface roughness of the 
multilayers can be precisely tuned by the assembly conditions and choice of polyelectrolytes.26  
To obtain periodic one-dimensional structures with dielectric contrast, several systems based on 
this layer-by-layer process have recently been investigated including the layering of dyes with 
polyelectrolytes27,28 and the synthesis of titania layers via surface sol-gel chemistry.29  These 
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systems, however, either do not have large dielectric contrasts or have not been investigated as 
photonic crystals.  
This chapter describes a combined approach of LbL assembly and in situ inorganic 
nanoparticle synthesis to fabricate one-dimensional photonic structures that are aqueous-solution 
processible.  LbL assembly facilitates precise control over layer thicknesses.  And in situ 
nanoparticle synthesis facilitates the precise tuning of refractive index within specified regions of 
these layers.  The nanocomposite films have well-defined stacked structures over large areas and 
large adjustable dielectric contrasts.  Additionally, the films can be sensitive and responsive to 
their surrounding environment, making them potentially useful as sensors.   
The photonic structures are based on polyelectrolytes, poly(acrylic acid) (PAA) and 
poly(allylamine hydrochloride) (PAH), with a pH-dependent degree of ionization that permits 
the tuning of multilayer architectural parameters via assembly solution pH.30  Previous chapters 
have described the use of assembled PAH/PAA multilayers as a matrix in which to synthesize 
inorganic nanoparticles.  Carboxylic acid groups in the PAH/PAA multilayers bind metal cations 
from aqueous solution via ion exchange.  Upon reduction of the, for example, silver cations 
within the multilayer, zerovalent Ag nanoparticles are formed.  This in situ synthesis approach 
facilitates the preparation of controlled concentrations of well dispersed nanoparticles and can be 
repeatedly cycled to increase silver volume fraction, as described in Chapter 2.  In 
heterostructure assemblies comprising PAH/PAA multilayer strata alternating with 
PAH/poly(styrene sulfonate) (PSS) multilayer strata that do not contain any carboxy groups, 
silver cations bind selectively to the PAH/PAA multilayers; the subsequently synthesized Ag 
nanoparticles remain confined to the carboxy-containing regions of the heterostructure. 
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4.2. Experimental Section 
 
PAH (Mw=70,000), poly(4-styrenesulfonate) (PSS) (sodium form, Mw=70,000), and 
silver (I) acetate (Ag(ac)) were obtained from Sigma-Aldrich (St. Louis, MO).  PAA 
(Mw=90,000) was obtained from Polysciences (Warrington, PA).  H2 gas (grade 4.7) was 
obtained from BOC Gases (Murray Hill, NJ).  All chemicals were used without further 
purification.  De-ionized water (> 18 MΩ-cm, Millipore Milli-Q), with an unadjusted pH of 
approximately 5.5, was exclusively used in all aqueous solutions and rinsing procedures. 
PAH/PAA-based multilayers were assembled on polystyrene (PS) tissue-culture 
substrates (corona-treated; Nalge Nunc International, Naperville, IL) or glass microscope slides, 
using an automated Zeiss HMS slide stainer.30  Glass substrates were degreased in a detergent 
solution followed by air plasma treatment (5 min at 100 W; Harrick Scientific PDC-32G plasma 
cleaner/sterilizer) prior to multilayer assembly.  PS substrates were used as received.  PAH and 
PAA aqueous solutions were adjusted to the desired pH (±0.1) using either 1 M HCl or 1 M 
NaOH.  PMs were assembled by first immersing substrates into the PAH solution (10-2 M by 
repeat unit) for 10 min followed by three immersions into water (2 min, 1 min, and 1 min) as 
rinsing steps.  The substrates then were immersed into the PAA solution (10-2 M) for 10 min 
followed by identical rinsing steps.  The adsorption and rinsing steps were repeated until the 
desired number of bilayers was obtained.  Multilayers of PAH/PSS were assembled on top of the 
previously assembled PAH/PAA.  PAH (not including the PAH for assembling with PAA) and 
PSS solutions contained 0.1 M NaCl.  In addition, immersion times for PAH/PSS assembly were 
5 min each.  The PM was finally dried by a stream of air (room temperature) and stored at 
ambient conditions. 
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The Ag nanoparticle synthesis scheme is described in Chapter 2.  Briefly, the PM films 
were first immersed in a dilute aqueous Ag(ac) solution (5 mM at nominally neutral pH) for 
30 h, where the acid protons of PAA carboxylic acid groups were exchanged for the silver 
cations.  The films were then washed in water for 1 hr and dried in air.  The metal-containing 
PMs were then reduced in a H2 atmosphere (2 atm, 85 °C) for 30 h, forming zerovalent Ag 
nanoparticles.  Additional silver was incorporated into the PM by repeating the process of ion 
exchange and reduction. 
For cross-sectional TEM imaging, multilayer films assembled on PS substrates were cut 
along a direction normal to the film plane using a RMC MT-X ultramicrotome with a diamond 
knife (Diatome, Fort Washington, PA) at room temperature. Approximately 50 or 70 nm-thick 
cross-sections of the samples were obtained. Cut sections were floated onto a trough of 
de-ionized water, immediately picked up with copper TEM grids, and blotted dry.  TEM was 
performed on ultramicrotomed samples using a JEOL JEM-2000FX operated at 200 kV.  While 
imaging, samples were tilted until the electron beam was oriented normal to the cross-section 
plane. 
Photometric measurements were performed using a Varian Cary 500i spectrophotometer.  
Near-normal reflectivities (fixed 7o off normal to the plane of the film) were measured using an 
absolute (VW configuration) specular reflectance accessory on the spectrophotometer.  Because 
the dipping process assembles multilayers on both sides of the substrate, the film on one side of 
the substrate is removed by wiping with a cotton swab wetted by 0.1 M HCl.  Back reflections 
from the substrate were accounted for in the transmittances and reflectances.  All refractive 
indices were extracted from photometric measurements using the bivariate method.31,32  The 
MATLAB implementation of the bivariate method is given in Appendix 1. 
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Film thicknesses were measured by profilometry (Tencor P10) or extracted from cross-
sectional TEM images.  The measured thicknesses are typically within 10% between the two 
methods.  
The films were swollen in various concentration NaCl aqueous solutions by immersion 
for the desired duration.  Two general states of swelling were considered -- the completely wet 
state and the briefly dried yet hydrated state.  In the wet state, the reflectance or transmittance 
was measured immediately without any film drying.  This ensured a wetted coating of solution 
on the film surface during the photometric measurement.  For the salt concentrations used (0.1-
0.5 M), the film surface was adequately hydrophilic and the evaporation of the salt solution was 
depressed enough to obtain a uniformly wetted coating.  In the briefly dried state, the 
photometric measurements were taken once the film was briefly air blown dry after removal 
from the salt solution.  The brief drying would remove any salt solution wetting the surface but 
leave the film in a hydrated state.  The quantitative degree to which the film remained hydrated 
when processed in this manner was not determined. 
4.3. Results and Discussion 
4.3.1. Refractive index enhancement with silver nanoparticles 
 
PAH/PAA multilayers that contain Ag nanoparticles have effective refractive indices that 
can be much larger than the unfilled PAH/PAA multilayers (~1.50 at visible and near-IR 
wavelengths).  Addition of noble metal nanoparticles to low index dielectrics, for example gold 
by ion beam sputtering,33 has been shown to enhance the effective refractive index of the 
nanocomposite.  Chapter 2 described the systematic tuning of the Ag nanoparticle concentration 
and size by using the PAH/PAA assembly pH, which controls the carboxylic acid group 
concentration available for silver cation exchange, and the multiple cycling of the nanoparticle 
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synthesis (i.e., the silver cation exchange and reduction).  The Ag volume fraction in PAH/PAA 
multilayers is tunable to as high as 8 vol% in a single synthesis cycle simply through low 
assembly pH; at least 24 vol% Ag can be achieved with multiple nanoparticle synthesis cycles.  
Consequently, the effective refractive index is widely tunable, as shown in Figure 4-1.  The 
effective refractive index can be as high as 2.4 at a wavelength of 1 µm for a film with 24 vol% 
Ag, which corresponds to five nanoparticle synthesis cycles in PAH/PAA multilayers assembled 
at pH 2.5.  This ease and degree of tunability is not possible using the direct LbL assembly of 
nanoparticles with polyelectrolytes.  Moreover, the Ag particles are small, <10 nm in diameter, 
and uniformly distributed within the PAH/PAA multilayers thereby minimizing any scattering of 
light at visible and longer wavelengths. 
 
 
PAH/PAA multilayers that contain Ag nanoparticles are model nanocomposites where 
the particles are small, fairly monodisperse, and well homogenized within the matrix.  Hence, 
classic Maxwell Garnett (MG) theory34-39 can describe the complex refractive index of the 
Figure 4-1.  (A) Real and (B) imaginary refractive index for increasing numbers 
of Ag nanoparticle synthesis cycles in 20.5 bilayers of PAH/PAA multilayers 
assembled at pH 3.0.  (●) Results from Maxwell-Garnett theory are also shown 
for comparison.  (C) Refractive index (λ = 1 µm) after five nanoparticle synthesis 
cycles in 20.5 bilayers of PAH/PAA assembled at various pH conditions 
(imaginary component in inset). 
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PAH/PAA nanocomposite film at low silver volume fractions.  MG theory relates the effective 
dielectric constant (εeff) of a composite to the dielectric constant of the matrix material (εm) and 
the dielectric constant of the inclusions (ε) as follows: 
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where f is the volume fraction of the inclusions (i.e., Ag nanoparticles).  MG theory can be 
simply derived from the Clausius-Mossotti relation,ii which relates the dielectric function of a 
collection of particles to the volume fraction and polarizability of individual particles, and an 
expression for the polarizability of a metal particle immersed in a dielectric medium.40  
A modified Drude dispersion function was used to account for the electronic damping of 
the Ag nanoparticles.39  The Drude dispersion function (i.e., dielectric constant as a function of 
frequency), which describes a free-electron metal, is given by 
γωω
ωε
i
p
+−= 2
2
1      (4-2) 
where ωp is the plasma frequency, ω is the angular frequency, and γ is the damping constant.  For 
nanoparticles that are smaller than the bulk electron mean free path (e.g., 50.4 nm for Ag, see 
Chapter 1), the conduction electrons are limited by the particle size.  The damping constant is 
modified by  
R
vA F+= ∞γγ      (4-3) 
                                                 
ii The Clausius-Mossotti relation expressed with refractive index instead of dielectric constant is known as the 
Lorentz-Lorenz relation. 
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where γ is the damping constant of the Ag nanoparticle, γ∞ is the damping constant of bulk Ag, A 
is a theory dependent parameter on the order of 1, vF is the Fermi velocity, and R is the 
nanoparticle radius.  Combining Equations 4-2 and 4-3, the dispersion function of the Ag 
nanoparticles can be written in terms of the bulk silver dielectric constant and a factor accounting 
for the size-dependent damping constant.   
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Bulk optical constants of silver were obtained from the literature.40 
The theoretical result shown in Figure 4-1A,B was calculated using a 6% Ag volume 
fraction and a nanoparticle radius of 2 nm corresponding to the experimentally determined 
values for one synthesis cycle in pH 3.0 assembled multilayers.  There is good qualitative 
agreement between MG theory and experiment of the enhanced refractive index relative to the 
pure polyelectrolyte case and of the location and magnitude of the surface plasmon resonance 
(SPR) absorption.  MG calculations for various other low volume fraction cases are shown in 
Figure 4-2 with the measured refractive index of PAH/PAA multilayers at various assembly pHs 
with one nanoparticle synthesis cycle.  The importance of accounting for the electronic damping 
of the nanoparticles is readily observed in the imaginary component of the refractive index in 
Figure 4-3.  Without the additional damping due to limited particle size, the resonance 
absorbance is much stronger and narrower. 
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Figure 4-2.  (A) Real and (B) imaginary refractive index for various multilayer 
assembly pHs of 20.5 bilayers of PAH/PAA multilayers with one Ag nanoparticle 
synthesis cycle: pH 2.5 (a, solid line), pH 3.0 (b, dashed line), and pH 3.5 (c, 
dotted line).  Results from MG theory were calculated from the following inputs 
(Ag volume fraction / Ag particle radius): (∆) 8% / 2 nm, (●) 6% / 1.5 nm, (□) 5% 
/ 2 nm, and (♦) 4% / 1 nm.   
Figure 4-3.  Measured complex refractive index (n - ik) of 20.5 bilayers of 
PAH/PAA assembled at pH 3.0 with one Ag nanoparticle synthesis cycle (solid 
line); MG-calculated complex index using 5 vol% Ag (●) without electronic 
damping correction and (□) with 2 nm radius correction. 
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The quantitative discrepancy between theory and experiment is a recognized deficiency 
of MG theory.41  The important underlying assumptions of MG theory are spherical isotropic 
inclusions, an isotropic matrix, inclusion dimensions much smaller than the wavelength, matrix 
dimensions not much smaller than the wavelength, and a polarization field equal and uniform 
over each individual inclusion, which arises from a cubic arrangement of the inclusions.  In 
particular, the last condition is not truly satisfied in random arrangements of nanoparticles as is 
in the multilayers.  In addition, interparticle interactions, particle defects, and multipole 
interactions are not considered in MG theory, resulting in underestimations of the absorption 
peak width and peak position. 
For much higher volume fractions of Ag nanoparticles, MG theory fails to agree even 
qualitatively with experiment.  The imaginary component of the refractive index, plotted as the 
absorption coefficient, for a high volume fraction system is shown in Figure 4-4.  The absorption 
coefficient (α) is related to the imaginary component of the refractive index (k) by 
λ
πα k4=       (4-5) 
where λ is the wavelength.  Besides a large difference in the magnitude, MG theory fails to 
predict the splitting of the SPR absorbance (see Chapter 2) due to interparticle interactions.  
More complex effective-medium models like Bruggeman theory may be better able to treat these 
nanocomposites with higher concentrations of Ag nanoparticles.  Nevertheless, the applicability 
of MG theory at low Ag volume fractions confirms the homogeneous distribution of very small 
particles in the multilayers.  And, moreover, the nanocomposite can be treated as an effective 
homogeneous medium with respect to optical and longer wavelengths.  This fact makes these 
thin film nanocomposites useful components for photonic applications. 
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4.3.2. Photonic structures 
 
A classic Bragg stack, shown in Figure 4-5A, was fabricated, consisting of high refractive 
index strata that contain Ag nanoparticles (~5 vol% Ag) and low index strata without 
nanoparticles.  Each nanoparticle-containing stratum consisted of 24 bilayers of PAH/PAA 
assembled at pH 3.0 while each nanoparticle-free stratum consisted of 77 bilayers of PAH/PSS 
assembled at pH 3.0 and 0.1M NaCl.  Figure 4-5B shows the same stack with a higher Ag 
volume fraction (~19 vol%) in the high index strata.  The stack is uniform over large areas as 
seen in Figure 4-6C.  The reflectivity of the Bragg stack, shown in Figure 4-6A, clearly shows a 
strong maximum corresponding to the stop band at the average quarter-wavelength thickness.  
Because the interfacial roughness and the degree of interpenetration between adsorbed 
polyelectrolyte layers are controlled by the LbL processing conditions (i.e., solution pH),30 the 
interface between the high and low index strata can be made sharp relative to the wavelength of 
Figure 4-4.  Absorption coefficient of 20.5 bilayers of PAH/PAA assembled at 
pH 2.5 with 5 Ag nanoparticle synthesis cycles (solid line) and the corresponding 
MG result (□, dotted line) calculated using 24 vol% Ag and 5 nm radius. 
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light.  From an intensity analysis of the cross-sectional TEM image, the interfacial width is at 
most ~20 nm.  This is comparable to the interfacial widths determined by EDS for similar 
heterostructures (see Chapter 3), except salt was not used in the PAH/PSS assembly of those 
PMs. 
 
 
As discussed above, the real part of the refractive index can be tuned anywhere from 1.5, 
corresponding to the unfilled PAH/PAA multilayer, to at least 2.4 for multilayers containing 
24 vol% Ag.  The increase in the effective refractive index with increasing Ag volume fraction in 
Figure 4-5.  Cross-sectional transmission electron microscopy (TEM) images of a 
4.5 period Bragg stack after (A) one cycle of Ag nanoparticle synthesis and (B) 
five cycles of nanoparticle synthesis.  In (A), the high index strata (dark contrast) 
have average thicknesses of 120 ± 4 nm and the low index strata (light contrast) 
have average thicknesses of 137 ± 6 nm.  In (B), after five cycles of nanoparticle 
synthesis, the average thickness of the high index stratum is 167 ± 7 nm 
(containing ~19 vol% Ag) and of the low index stratum is 148 ± 9 nm.   Note that 
the surface imperfections at the top of the stack result from damage caused by 
ultramicrotomy; rms surface roughness of <10 nm was measured by profilometry. 
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the PAH/PAA strata of the Bragg stack results in the increase of the maximum reflectance shown 
Figure 4-6A.  As more Ag is incorporated into the PAH/PAA strata, both the effective refractive 
index and the physical thickness increase, giving rise to an increase in the maximum reflectance 
due to the increased dielectric contrast and a red shift that arises from the larger optical thickness 
(refractive index × physical thickness) of the high index strata.   
 
 
Figure 4-6.  (A) The near normal (7o from surface normal) reflectance as Ag 
volume fraction is increased in the polyelectrolyte multilayer Bragg stack on a 
glass substrate with Ag nanoparticle synthesis cycles of (1) one (5 vol% Ag) to 
(5) five (19 vol% Ag).  (B) Effect of aqueous salt solution immersion on 
reflectance of Bragg stack on a PS substrate with five synthesis cycles of Ag 
nanoparticles before (5a, thick solid line) and immediately after (5b, thin solid 
line) a 20 min soak in 0.5 M NaCl without drying, after a 20 min soak in 0.5 M 
NaCl (5c, short dashed line) or in 0.1M NaCl  (5d, long dashed line) followed by 
brief drying, and after pure water rinsing and overnight drying (5e, dotted line).  
(C) Photograph of (5), assembled on a PS substrate, under natural light exhibiting 
the green reflection corresponding to the reflectance at ~500 nm.     
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The maximum reflectance at normal incidence of an ideal quarter-wave stack (i.e., the 
optical thickness of each stratum in the stack is equal to one quarter of the wavelength at 
maximum reflection) with high index strata at both the substrate and air interfaces is described 
by4 
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where nh, nl, ns, and n0 are the refractive indices, assuming no absorption, of the high index 
strata, the low index strata, the substrate, and the ambient medium (i.e., air), respectively, and N 
is the number of periods of high/low strata, ignoring the outermost high index stratum, that 
comprise the stack.  For the structure shown in Figure 4-5, N = 4, nl = 1.55 for PAH/PSS, 
ns = 1.5 for a glass substrate, and n0 = 1 for air.  For one Ag synthesis cycle, nh = 1.77 at 750 nm 
as shown in Figure 4-1.  In addition, the optical thickness of the high index stratum was 
1.77 × 120 nm = 212 nm and of the low index stratum was 1.55 × 137 nm = 212 nm.  The 
predicted location of the Bragg peak was 848 nm compared to the experimentally measured 
748 nm; the agreement was good considering that physical thicknesses obtained from TEM 
images were ~10% larger than those measured optically (e.g., ellipsometry) or mechanically 
(e.g., profilometry), likely resulting from microtomy distortions.  The theoretical reflectance was 
51% compared to 42% measured experimentally (Figure 4-6A).  Given that as small as a 3% 
decrease in nh or increase in nl would reduce the theoretical reflectance from 51 to 42%, the 
measured maximum reflectance agreed well with a theoretical quarter-wave Bragg stack.  For 
five Ag synthesis cycles, with nh = 2.32 at 1000 nm and the optical thicknesses for high and low 
 96
index strata were 387 and 229 nm (i.e., average quarter-wave of 1232 nm), the theoretical 
reflectance was 96% compared to the measured reflectance of 80% at 1015 nm.  In this higher 
silver volume fraction case, the high and low index strata were not equal to the quarter-wave 
thickness and hence Equation 4-6 does not adequately describe the reflectance.  The transfer 
matrix method could better describe the optical response of these non-quarter-wave, periodic 
structures.4 
Using metals in photonic crystals designed for visible and IR wavelengths may appear 
non-intuitive because of the broadband absorption of light longer than the plasma frequency in 
bulk metals.  However, in the case of nearly free-electron metallic nanoparticles, where the metal 
is confined to the nanometer length scale in three dimensions, light absorption is strongly 
localized around the SPR band.42  The SPR absorbance is centered around 440 nm for Ag 
nanoparticles embedded in a dielectric matrix such as the PAH/PAA multilayers; the Ag 
nanoparticle-containing PAH/PAA multilayers are transparent outside the SPR band.  Even in 
the most highly filled (24 vol% Ag) multilayers that were investigated, the attenuation constant 
(i.e., imaginary component of the refractive index) was less than 0.1 in the near IR and decreased 
toward longer wavelengths.  In related recent work with thin metal layers not thinner than the 
absorption skin depth, pass bands were observed in the visible wavelengths due to tunneling43,44 
and reflection was enhanced at the stop band45 if the layers were in a one-dimensional photonic 
crystal. 
An additional feature of polyelectrolyte multilayer-based structures is their 
responsiveness to an external environment.  Polyelectrolyte multilayers behave as 
electrostatically cross-linked hydrogels that swell or shrink in aqueous solution depending on the 
ionic strength or pH of their environment.46-50  As a result, these films have been exploited as 
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sensors of various kinds (e.g., pH, humidity, and gas concentration).51,52  As photonic structures, 
the Ag nanoparticle-containing polyelectrolyte multilayers have environmentally responsive 
optical properties.  The peak reflectivity of the Bragg stack described above decreases and red 
shifts, even to the point of complete disappearance, when immersed in a salt solution, as shown 
in Figure 4-6B.  Depending on the ionic strength of the solution, the different strata of the 
multilayer structure swell asymmetrically (i.e., PAH/PAA multilayers swell more than PAH/PSS 
multilayers)49 and the effective refractive index of Ag nanoparticle-containing strata diminishes 
by dilution.  This effect is fully reversible after the Bragg stack is rinsed in fresh water and 
thoroughly dried.  The ionic groups in PAH/PSS multilayers are fully paired with one another 
leaving a relatively hydrophobic backbone.  In contrast, the PAH/PAA multilayers assembled 
with at least some fraction of free carboxylic acid groups (i.e., those not bound to the PAH 
ammonium group), as is the case with films presented in this chapter, are expected to be more 
hydrophilic than PAH/PSS multilayers.  PAH/PAA multilayers swell to a greater extent by 
having unbound acid groups that ionize in a neutral salt solution and generating Coulombic 
repulsion and by admitting more waters of hydration.   
  Besides purely periodic structures, defects and aperiodic structures can be readily 
fabricated.  A Fabry-Perot4 etalon using Bragg stacks as reflectors is shown in Figure 4-7A.  
Each high index stratum, with an average thickness of 60 ± 5 nm, consists of 12 bilayers of 
(PAH/PAA) assembled at pH 3.0 with in situ synthesized Ag nanoparticles (5 vol% Ag).  Each 
low index stratum, with an average thickness of 107 ± 7 nm, consists of 54 bilayers of 
(PAH/PSS) assembled at pH 3.0 and 0.1 M NaCl.  The center, low index, spacer (i.e., the 
microcavity) is 211 ± 6 nm thick and consists of 110 bilayers of (PAH/PSS).  The reflectivity of 
the etalon with two synthesis cycles of Ag nanoparticles, shown in Figure 4-7B (a,d), exhibits the 
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characteristic pass band of the microcavity centered at ~542 nm corresponding to twice the 
optical thickness of the cavity.  The stop band of the Bragg reflectors, from 450 to 650 nm, fully 
encompasses the pass band. 
 
 
Under ambient conditions, the pass band of the etalon was weak (i.e., the reflectance did 
not reach close to 0%) because the microcavity dimension was designed close to the SPR 
absorbance.  However, upon swelling the etalon with salt solution, the pass band red shifts away 
from the SPR absorbance by ~27 nm resulting in a deepening of the pass band.  As with the pure 
Bragg stack, further swelling of the etalon completely, but reversibly, erases the Bragg 
reflection.  The transmission spectra, in Figure 4-7C, also show the strong effect of salt solution 
soaking conditions on the etalon optical response.  Under wet conditions (b), the main feature 
observed was the broad SPR absorbance centered around 440 nm.  The flat response and the 
relatively high transmittance in the red and near-IR indicated that the wet surface did not 
Figure 4-7.  (A) Cross-sectional TEM image of a Fabry-Perot etalon with one Ag 
nanoparticle synthesis cycle.  (B) Near normal reflectance of the etalon on a PS 
substrate with two Ag nanoparticle synthesis cycles; reflectance of etalon in 
ambient conditions (a, thick solid line), immediately after 10 min immersion in 
0.1 M NaCl solution without drying (b, thin solid line), after immersion in 0.1 M 
NaCl solution followed by brief drying (c, dashed line), and after pure water 
rinsing and overnight drying (d, dotted line). Arrows point to resonant frequency 
of cavity. (C) Transmittance of the etalon corresponding to the treatments (b, c) as 
in (B). 
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completely dampen the reflectance (Figure 4-7B) due to absorbance or diffuse scattering.  Upon 
brief drying of the etalon (c), the stop and pass bands corresponding to the etalon microcavity 
and reflectors emerged, superimposed on the tail of the SPR absorbance. 
4.4. Conclusion 
 
In this chapter, a versatile and inexpensive aqueous-based polymer platform for 
assembling one-dimensional photonic structures uniformly over large areas was demonstrated.  
This combination of LbL assembly and in situ nanoparticle synthesis is adaptable to a variety of 
substrate materials and geometries, different polyelectrolytes such as those based on conducting 
or liquid crystalline polymers, and other in situ synthesized metallic or semiconducting 
nanoparticles.  The generalization of these fabrication methodologies to other photonic structures 
besides the Bragg stack and Fabry-Perot etalon is straightforward.  The resulting 
environmentally responsive thin film has the potential for achieving dynamically tunable 
photonic structures.  Polyelectrolyte multilayers are also amenable to two-dimensional patterning 
using a wide variety of techniques, including photolithography, microcontact printing, and inkjet 
printing,53-54 suggesting that the one-dimensional structures demonstrated here should be 
patternable to form three-dimensional periodic structures.  
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Chapter 5. Selective Electroless Deposition on Multilayersi 
5.1. Introduction 
 
Electroless plating of metal, particularly copper or nickel, is an important industrial 
technique for metallizing insulators (e.g., plastics) and objects with geometries that are difficult 
to coat by electroplating.1  One important example is the use of electroless copper and nickel in 
printed circuit boards to form interconnects.2  In contrast to electroplating, where an applied 
current supplies electrons to reduce a high-oxidation state metal precursor, the basis of 
electroless plating is an auto-catalytic redox reaction.  The important material prerequisite for 
initiating metal deposition is the presence of an appropriate catalytic surface.  For many 
materials (e.g., insulators), the surface is not inherently catalytic and must be activated prior to 
electroless plating.  For example, a standard technique for creating a catalytic surface on an 
insulator involves a cleaning and etching step and an activation step.1  First, the substrate is 
treated with a solution of chromium oxide and sulfuric acid, which removes any impurities from 
and etches the surface for better adhesion of the catalyst and plated metal.  Then, a palladium and 
tin mixture is deposited onto the cleaned surface by reduction.  Not only are these surface-
conditioning steps tedious and harsh, but they can also limit the selection of materials to be 
plated and make it difficult to selectively activate surfaces without resorting to photolithography.  
One method to improve and ease the catalyst binding of the surface is through the use of a self-
assembled monolayer to present ligating functionalities that can bind Pd complexes.3  However, 
spatial patterning is still obtained by photolithography. 
                                                 
i Portions of this chapter have been previously published in Wang, T. C.; Chen, B.; Rubner, M. F.; Cohen, R. E. 
Langmuir 2001, 17, 6610-6615. 
 104
Recently, non-photolithographic approaches to preparing patterned catalytic surfaces for 
electroless plating have been developed.  Using micro-contact printing (µCP), functionalized Pd 
colloids or complexes were deposited onto a treated surface that could bind the Pd, in these cases 
an organosilane layer or a titanium coating, respectively.4,5  Metal plating only occurred where 
the stamp deposited the Pd.  The main drawback to this approach is that the Pd must be suitably 
stabilized or functionalized to interact and be compatible with both the µCP-stamp and the 
surface.  A second approach employs inkjet printing to pattern Pt colloids as catalysts.6  
However, the quality and adhesion of the electrolessly plated metal was strongly dependent on 
the surface material.  A more universal, yet still patternable, platform for selective electroless 
plating would be useful, especially one that is less dependent on the substrate material and 
amenable to both facile, large-scale plating and small-scale patterning. 
Key features of polyelectrolyte multilayers (PMs) based on poly(allylamine 
hydrochloride (PAH) and poly(acrylic acid) (PAA) make them ideal, readily-activated and 
selective, platforms for electroless plating.  As discussed in the previous chapters, these include 
nano-scale control over the internal multilayer architecture (e.g., degree of interpenetration), 
control over surface composition (e.g., carboxylic acid content), facile and 
environmentally-friendly processing, conformal coating onto a wide variety of surfaces 
independent of size, and facile patternability.  In particular, the PM surface composition can be 
readily tailored using assembly pH to exhibit the characteristics of the last adsorbed 
polyelectrolyte, either PAH or PAA, or to show mixed properties of both PAH and PAA 
regardless of which polyelectrolyte is last adsorbed.  At a relatively high PAH assembly pH and 
low PAA assembly pH (e.g., 7.5 and 3.5, respectively), the surface is dominated by PAA when 
PAA is the last layer and by PAH when PAH is last.  PAA dominance is exemplified by a very 
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low contact angle and high absorbance of a cationic dye, methylene blue.7  On the other hand, 
when the assembly pHs of both polyelectrolytes are comparable, the surface exhibits properties 
that are less dependent on the last polyelectrolyte adsorbed.  At a low assembly pH of 2.5, 
contact angle and methylene blue absorbance measurements suggest that a large fraction of 
carboxylic acid groups are at the surface regardless of whether PAA or PAH is the last 
polyelectrolyte adsorbed.8  At higher pHs, the surface is composed of significant fractions of 
both polyelectrolytes. 
With the ability to dramatically alter surface carboxy functionalities with a single layer of 
polyelectrolyte, surfaces that can and cannot bind a Pd complex can be prepared. A PAA-
dominant surface binds a positively-charged Pd complex, while a PAH-dominant surface resists 
binding.  Electroless nickel plating is selectively promoted only on the PAA surface and 
inhibited on the PAH surface with only one polyelectrolyte layer difference.ii  In addition, inkjet 
printing is used to selectively deposit a PAA-layer onto a PAH-topped multilayer, where only the 
PAA pattern becomes electrolessly plated. 
5.2. Experimental Section 
 
PAH (Mw=70,000), tetraaminepalladium chloride (Pd(NH3)4Cl2), and nickel sulfate 
hexahydrate were obtained from Sigma-Aldrich (St. Louis, MO).  PAA (Mw=90,000) was 
obtained from Polysciences (Warrington, PA).  Dimethylamine borane (DMAB) was obtained 
from Acros Organics (Fair Lawn, NJ), and sodium citrate and lactic acid were obtained from 
Alfa Aesar (Ward Hill, MA).  All chemicals were used without further purification.  De-ionized 
                                                 
ii B. Chen (in Wang, T. C.; Chen, B.; Rubner, M. F.; Cohen, R. E. Langmuir 2001, 17, 6610-6615) has shown in 
analogous work that, alternatively, a negatively charged Pd-complex salt, Na2PdCl4, could direct plating onto the 
PAH surface rather than the PAA. 
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water (>18 MΩ-cm, Millipore Milli-Q) was exclusively used in all aqueous solutions and rinsing 
procedures. 
PAH/PAA-based multilayers were fabricated on glass microscope slides or polystyrene 
(PS) tissue-culture substrates (corona-treated, Nalge Nunc International, Naperville, IL) using an 
automated Zeiss HMS slide stainer as described in Chapter 2.  Glass substrates were degreased in 
a detergent solution followed by air plasma treatment (5 min at 100W, Harrick Scientific 
PDC-32G plasma cleaner/sterilizer) prior to deposition.  PS substrates were used as received.  
PAH aqueous solutions (10-2 M by repeat unit) were adjusted to pH 7.5±0.1 with 1 M NaOH, and 
PAA aqueous solutions (10-2 M by repeat unit) were adjusted to pH 3.5±0.1 with 1 M HCl.  
Other pH conditions were similarly obtained by adding the appropriate amount of acid or base. 
Briefly, multilayers were formed by first immersing substrates into the PAH solution for 15 min 
followed by three 2-min immersions into water as rinsing steps.  The substrates then were 
immersed into the PAA solution for 15 min followed by identical rinsing steps.  The adsorption 
and rinsing steps were repeated until the desired number of bilayers was obtained.  The PM was 
finally dried with a stream of air and stored under ambient conditions. 
An Epson Stylus Color 980 inkjet printer, modified to accommodate hard substrates and 
to print polyelectrolyte solutions, was used for patterning the multilayer surface.  Patterns were 
created electronically on a Microsoft Windows 98-based PC using a standard drawing program 
and sent to the printer using the manufacturer-supplied printer driver.  Immediately prior to 
printing, a PAH-topped multilayer film fabricated on a glass substrate was heated to ~60 oC for 
15 min with a heat lamp.  A PAA solution of the same concentration and pH used in the 
multilayer fabrication was printed at 2880 dpi onto the PAH-topped multilayer. 
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A standard formulation for the electroless nickel bath was used, consisting of 40 g/L 
nickel sulfate, 20 g/L sodium citrate, 10 g/L lactic acid, and 1 g/L DMAB in water.1  A nickel 
stock solution of all components except the DMAB reductant was prepared in advance.  A 
DMAB aqueous solution was prepared separately.  The stock solutions were prepared for a 4:1 
volumetric proportion of nickel to reductant stocks in the final electroless bath.  They were 
mixed as needed and adjusted to a pH of 6.8±0.3 with ammonium hydroxide.   Stock solutions 
were used within a week of preparation, after which they were discarded. 
The PAH/PAA-based multilayer film was electrolessly nickel plated in the following 
steps:  (1) 10 s immersion in dilute, aqueous Pd(NH3)4Cl2 solution (5 mM), (2) 2 min rinse in 
water, (3) immersion in the electroless nickel bath at room temperature for up to 13.5 min, and 
(4) after the desired level of plating is reached, copious rinsing with water followed by air 
drying.  
For transmission electron microscopy (TEM) imaging, multilayer films deposited on PS 
substrates were cut direction normal to the film plane using a RMC MT-X ultramicrotome with a 
diamond knife (Diatome, Fort Washington, PA) at room temperature. Approximately 50 
nm-thick cross-sections of the samples were obtained. Cut sections were floated onto a trough of 
de-ionized water, immediately picked up with copper TEM grids, and blotted dry.  TEM was 
performed on ultramicrotomed samples using a JEOL JEM-2000FX operated at 200 kV. 
Electrical resistivity was measured using the van der Pauw four-point probe method.9  
Fine copper wires as electrodes were attached to the nickel surface using silver paint (Ernest F. 
Fullam, Latham, NY).  A current was applied by a Hewlett-Packard 3245A universal source and 
the voltage drop was measured using a Hewlett-Packard 34401A multimeter.  Adhesion was 
determined qualitatively by a “scotch-tape” peel test, in which a piece of tape was firmly applied 
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to a nickel-coated surface and then removed.4  Good adhesion was indicated by the lack of any 
nickel film on the peeled tape.  PM film and nickel plating thicknesses on a glass substrate were 
measured using a Tencor P10 Profilometer. 
5.3. Results and Discussion 
 
To demonstrate the versatility and selectivity of PM platforms for electroless nickel 
deposition, a salt of a positively-charged Pd complex, Pd(NH3)4Cl2, was employed as the catalyst 
source.  Chemical structures for the Pd catalyst and the polyelectrolytes are shown in Figure 5-1.  
In order to investigate the surface binding affinity of PAH/PAA-based multilayers for 
[Pd(NH3)4]2+, PMs were assembled at pH 3.5 for both polyelectrolyte solutions.  At this pH 
combination, the surface of the PM is expected to contain a significant concentration of 
carboxylic acid groups regardless of the polyelectrolyte adsorbed last.8  PMs were fabricated 
with 5 layers of PAA alternating with 5 or 6 layers of PAH (i.e., 5 or 5.5 bilayers of PAH/PAA).  
Five bilayers of PAH and PAA adsorbed at pH 3.5, referred to as (PAH3.5/PAA3.5)5, have a 
PAA last adsorbed layer, and 5.5 bilayers, or (PAH3.5/PAA3.5)5.5, have a PAH last layer.  
Multiple bilayers were adsorbed to ensure complete coverage and elimination of any substrate 
surface effects.  It has been previously shown in the literature that after approximately three 
bilayers, depending on the assembly conditions and substrate material, the surface properties of 
PMs become independent of the number of bilayers and the substrate.10 
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Once fabricated, the PM-coated substrates were activated and electrolessly nickel plated.  
A shiny, metallic luster developed on the PMs regardless of the outermost layer, PAA or PAH.  
At the electroless bath conditions, pH 6.8 and room temperature, and catalyst immersion times 
employed, a uniform, reflective surface developed in ~10 min.  A 100 nm-thick, conductive 
nickel coating was obtained (~2×10-6 Ω-m; published values are 5–13×10-8 Ω-m for 
DMAB-based electroless nickel with greater than 2.5 µm thicknesses11).  Moreover, the nickel 
coating exhibited excellent adhesion to the PM-coated surface, regardless of substrate material 
(i.e., glass or PS). 
Multilayer films assembled from PAH and PAA solutions at pH 3.5 have surfaces that 
are rich in both polyelectrolytes because of extensive interpenetration. In addition, a high 
concentration of carboxylic acid protons is retained because of the low assembly pH.  Upon 
immersion of the PM-coated substrate into the Pd-salt solution, protons of the PAA carboxylic 
acid groups exchange for [Pd(NH3)4]2+.  In previous work with proton-exchange membranes, 
Figure 5-1. Chemical structures of the palladium salt used as the electroless 
nickel plating catalyst and the polyelectrolytes used for PM assembly. 
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other researchers have shown that a related platinum complex, [Pt(NH3)4]2+ (chloride salt), 
exchanges for protons and reduces to form Pt nanoparticles.12-14 
The excellent adhesion of the nickel to the PM platform is noteworthy, particularly in 
comparison to traditional electroless plating where harsh surface pretreatment conditions are 
often used to etch and roughen the surface to obtain good adhesion of the plated metal.  In PM 
assembly, mild substrate surface treatments (e.g., detergent cleaning of glass) are enough to 
enable the adsorption of the polyelectrolytes.  Even bare substrate surfaces treated to have a 
negative charge for polycation adsorption (e.g., corona-treated PS) are relatively ineffective at 
binding the [Pd(NH3)4]2+ catalyst.  Nickel plated much more slowly and incompletely on bare PS 
than on PM-coated substrates.  Moreover, the resulting metal film adhered poorly to PS, in many 
places flaking off during the plating procedure.  No plating occurred on bare glass substrates.  A 
cross-sectional TEM image of a (PAH3.5/PAA3.5)5 multilayer fabricated on a PS substrate and 
coated with electrolessly plated nickel (Figure 5-2) shows some growth of the metal film into the 
PM.  This penetration of the metal layer is hypothesized to improve the adhesion to the PM.  
Another possible source for improved adhesion is the decreased stress of metal films on the PM 
compared to the bare substrate.  In an aqueous environment, and even in ambient air, PMs absorb 
significant amounts of water and behave like ionically cross-linked hydrogels.15-18  This 
plasticization of the PM imparts a degree of mobility and conformational accommodation of the 
surface during metal plating. 
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In order to generate surfaces that could resist, as well as bind, the positively-charged Pd 
complex, PMs were assembled from a PAH solution of pH 7.5 and a PAA solution of pH 3.5, 
denoted (PAH7.5/PAA3.5).  At these pH conditions, the PM surface is predominantly the last 
adsorbed polyelectrolyte.8  Three regions of PAA- or PAH-topped multilayers, of 5-, 5.5-, and 
6-bilayers, were created on the same substrate by simply immersing the substrate only partway 
into the final polyelectrolyte solution. A schematic of the final PM surface is shown in  
Figure 5-3A. This type of surface not only provided a single sample with both catalyst binding 
and resistant regions but also gave an indication of the selectivity at the interface between the 
PAH- and PAA-topped multilayers. After immersion of the entire substrate into the [Pd(NH3)4]2+ 
solution and the electroless nickel bath, a shiny, metallic luster developed only on the portions of 
the substrate with a PAA top-layer while no metal deposition occurred on the PAH-topped 
region.  A photograph of the sample after plating is shown in Figure 5-3B.  The interface 
between the plated PAA-topped region and unplated PAH-topped region remained sharp after 
electroless nickel deposition. 
Figure 5-2. Cross-sectional TEM image of electrolessly plated Ni on a multilayer 
film of (PAH3.5/PAA3.5)5 supported on a PS substrate.  The PM, ~30 nm thick, 
does not show any contrast (i.e., dark color) against the PS substrate except for 
the nickel within it.  
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For most PMs based on two polyelectrolytes, a degree of interpenetration occurs between 
adsorbed polyelectrolyte layers such that the bulk of the film is fully charge-compensated and 
can be viewed as a macroscopically homogeneous blend of the two polyelectrolytes.19-21  
However, in solution, the surface of PMs is charged to a certain extent.8,22  This is often implicit 
when discussing PMs; there must be some heterogeneity between the fully charge-compensated 
bulk and the active surface to facilitate further polyelectrolyte adsorption for building a 
multilayer.   In fact, with PAH/PAA-based multilayers, surface properties can show a strong 
dependence on the last polyelectrolyte adsorbed at certain solution adsorption conditions, as 
previously mentioned. 
(PAH7.5/PAA3.5) multilayers have surfaces enriched almost completely in PAH or PAA 
depending on the last polyelectrolyte adsorbed.  This type of architecture results from PM 
Figure 5-3. (A) Schematic (not drawn to scale) of a (PAH7.5/PAA3.5) multilayer 
on glass with regions of PAH or PAA outermost layer and (B) top-down 
photograph of this multilayer after electroless nickel plating. 
 113
assembly where an adsorbing polyelectrolyte is in a partially ionized state and the previously 
adsorbed polyelectrolyte is in a highly ionized state.  When PAA is adsorbed at pH 3.5, it is only 
partially ionized in solution and hence a relatively large amount (i.e., thick layer) of PAA is 
adsorbed to pair with the highly ionized, previously adsorbed PAH.  The adsorption of a PAH 
layer at pH 7.5, where all of the remaining carboxylic acid groups on the previously adsorbed 
PAA (i.e., those not already bound to PAH within the multilayer) are ionized, requires a 
relatively large amount of PAH for charge compensation.  The result is thick layers of PAH and 
PAA, approximately 9.0 nm and 5.9 nm.7  There are relatively few unbound carboxylic acid 
groups within the interior of the (PAH7.5/PAA3.5) multilayers as determined by in situ Ag 
nanoparticle formation.  A low concentration of Ag nanoparticles, prepared using the ion 
exchange and reduction methodology described in Chapter 2,23 was observed (results not 
shown).  Because of the thick layers, the surface is almost completely enriched in the last 
adsorbed polyelectrolyte.  Moreover, a PAA last layer will retain a large fraction of non-ionized 
carboxylic acid groups, while a PAH last layer will be relatively free of any carboxylic acid 
groups from the PAA layer beneath.  In previous published work, methylene blue was found to 
adsorb onto multilayers only when PAA was the outermost layer.7 
Since the catalyst binding selectivity of (PAH7.5/PAA3.5) multilayers is determined 
solely by the last adsorbed polyelectrolyte layer, Pd-complex binding is confined to the 
outermost layer by limiting the mass transport of [Pd(NH3)4]2+ into the bulk of the multilayer 
through short exposure times, typically less than 10 s.  Only multilayers with PAA as the 
outermost layer exhibit accessible acid groups.  Hence, [Pd(NH3)4]2+ is bound only on PAA 
surfaces.  PM regions with PAH as the outermost layer do not exhibit these ion-exchangeable 
groups.  Hence, electroless plating occurs selectively on the Pd-activated, PAA regions of the 
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surface.  Longer exposure to the Pd complex permits access to the carboxylic acid groups, albeit 
at low concentrations, within the interior of the PM, leading to non-selective surface plating 
regardless of the outermost layer being PAA or PAH. 
In addition to the ability to easily coat large areas conformally and uniformly, PMs can 
also be patterned using high-resolution yet inexpensive (i.e., non-photolithographic) techniques.  
Drop-on-demand inkjet printing is one such technique that has recently been used to print 
polymers for light-emitting devices24,25 and transistor circuits26.  Inkjet printing was used in this 
work to print a PAA solution at pH 3.5 onto a (PAH7.5/PAA3.5)5.5 multilayer (i.e., PAH 
outermost layer) coated on a glass substrate.  After the entire printed sample was immersed in the 
[Pd(NH3)4]2+ catalyst and the electroless nickel solution, only the PAA pattern became plated as 
shown in Figure 5-4.  Patterned line widths were approximately 200 µm.  The plated lines were 
not removed by adhesive tape and were conductive.  To reduce the coalescence of the printed 
drops and thereby improve the pattern quality and resolution, the PM-coated substrate was 
heated to enhance drop drying after printing.  This process, however, was clearly not optimized 
for high-resolution patterning.  Further optimization of the printing conditions (e.g., faster dry 
times and more precise control over the amount of material printed) should further improve 
spatial resolution.  Nevertheless, the inkjet printing of polyelectrolyte solutions demonstrates a 
facile method for patterning PMs.  It also shows the effectiveness of the (PAH7.5/PAA3.5) 
multilayer platform in selectively binding and resisting the Pd catalyst through the choice of 
outermost polyelectrolyte.  This is the first time that inkjet printing has been successfully used to 
pattern PMs.  
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Finally, while stable PAH/PAA-based multilayers7 have been assembled at pHs as low as 
2.5 and as high as 9.0 and subjected to temperatures as high as 50 oC in an aqueous environment 
without observing loss of adhesion from the substrate (results not shown), PMs based on weak 
polyelectrolytes are susceptible to destabilization (i.e., desorption of polyelectrolytes) at extreme 
pH conditions.18  Therefore, the electroless nickel bath formulation used in all the experiments 
was chosen for its mild temperature and pH requirements. While some common electroless metal 
baths requiring high alkalinity and temperature may be incompatible with these PMs, 
PAH/PAA-based multilayers can be stabilized to resist extreme pH conditions by chemical 
cross-linking; PAA carboxylate and PAH ammonium groups undergo a condensation reaction at 
elevated temperatures to form amide bonds.27  Even without cross-linking, copper has also been 
successfully plated on PAH/PAA-based multilayers from a moderately basic, 
hypophosphite-based electroless bath (results not shown). The selective plating on PM platforms 
should be generalizable to the electroless deposition of other metals.  
 
Figure 5-4.  Patterned, conductive nickel lines (width ~200 µm) electrolessly 
plated on inkjet-printed PAA on a (PAH7.5/PAA3.5)5.5 multilayer supported on a 
glass substrate. 
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5.4. Conclusion 
 
PMs based on the weak polyelectrolytes PAH and PAA are promising platforms for 
promoting selective electroless nickel plating.  By extending the ion-exchange methodology for 
preparing metal nanoparticles within PAH/PAA-based multilayers to PAH/PAA surfaces, a 
Pd-complex ion can be bound onto the surface to promote electroless plating.  The PM surface 
can be rendered selective or non-selective toward catalyst binding by choosing the appropriate 
pH conditions during PM assembly and through the use of appropriately short activation times.  
PMs assembled at low pHs, such as 3.5, for both PAH and PAA solutions, have surfaces in 
which the two polyelectrolytes are sufficiently interpenetrated such that the Pd catalyst binds and 
nickel plates regardless of the polyelectrolyte last adsorbed.  By choosing a pH combination that 
minimizes interpenetration of PAH and PAA at the multilayer surface, such as PAH at pH 7.5 
and PAA at pH 3.5, a surface dominated by PAH or PAA can be created.  PAA-topped 
multilayers will selectively bind a positively-charged catalyst, [Pd(NH3)4]2+, and promote 
electroless plating while PAH-topped multilayers remain unplated.  In addition to uniformly 
plating large areas of multilayers, selective plating of fine features can be accomplished on PMs 
using inkjet printing.  An inkjet-produced PAA pattern on a PAH-topped multilayer selectively 
binds the Pd catalyst and plates nickel.  
In conclusion, the excellent selectivity of nickel plating for the PAA-rich multilayer 
surface over the PAH-rich surface when using Pd(NH3)4Cl2, the excellent adhesion of the nickel 
film to the PM-coated substrate, and the mild conditions under which the substrate is activated 
all indicate that PMs are an effective foundation for selective electroless metal plating. Finally, 
while this chapter has focused on electroless plating on PM surfaces, the controlled electroless 
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deposition of nickel within PAH/PAA-based multilayers, facilitated by long ion-exchange times 
and fine control over the electroless deposition kinetics, is described in the next chapter. 
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Chapter 6. Selective Electroless Deposition within Multilayers 
6.1. Introduction 
 
The in situ synthesis of inorganic nanoparticles within poly(allylamine 
hydrochloride)/poly(acrylic acid) (PAH/PAA) multilayers, through the ion-exchange of metal 
cations with available PAA carboxy protons and subsequent reaction (e.g., reduction or 
sulfidation), that has been elaborated so far in Chapter 2 is a methodology that affords precise 
control over the concentration and size of inorganic nanoparticles via the multilayer assembly pH 
and the repeated cycling of the synthetic process.  However, this methodology has two 
limitations.  First, the synthetic process is relatively time-consuming for preparing high metal 
concentrations (e.g., five synthesis cycles are required to prepare 24 vol% Ag in PAH/PAA 
multilayers assembled at pH 2.5).  This results from the separate steps of supplying a finite 
amount of metal precursor to the multilayer and the precipitation of the nanoparticles by 
subsequent reaction.  Second, the control over nanoparticle concentration and size is coupled.  
Larger particles necessarily follow higher metal concentrations.  Ideally, the factors that control 
nanoparticle size should be independent from those that control nanoparticle concentration.  
Moreover, the supply of metal precursor to the growing nanoparticle should be practically 
infinite, obviating the need to cycle between supplying a limited amount of precursor and 
reacting to grow the nanoparticles. 
One strategy for synthesizing highly monodisperse nanoparticles in solution is to separate 
the particle nucleation and growth events.  This can be accomplished kinetically by having a 
much faster nucleation rate relative to the particle growth rate.1  An alternative route is to 
physically separate the two events by using small preformed nanoparticles as seeds for further 
growth.  Although this route requires monodisperse seeds, they are usually attainable without 
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great synthetic difficulty; the difficulty is in synthesizing monodisperse particles over a wide size 
range.  Recently, numerous homogeneous2-4 (i.e., seed and growth materials are the same) and 
heterogeneous5-9 (i.e., seed and growth materials are different) seeding procedures have been 
reported in the literature.  For metallic nanoparticles, the selective reduction of metal precursors 
only on the surface of the seed particles and not in the bulk solution, which nucleates new 
particles, is of primary importance.  
This chapter presents a strategy for decoupling nanoparticle concentration and size as 
well as decreasing the overall synthesis time based on electroless metal deposition (described in 
Chapter 5) on in situ synthesized catalyst seed nanoparticles within the polyelectrolyte multilayer 
(PM).  Others have demonstrated electroless metal deposition within a polymer film containing 
catalytic metals, but they did not use this method to prepare controlled-sized nanoparticles.10-12  
Palladium nanoparticles within the PMs will be seeds for further growth.  While preformed seed 
nanoparticles can be layer-by-layer (LbL) assembled with polyelectrolytes into multilayer films 
(see Chapter 1 for a review), the in situ synthetic methodology can readily generate Pd seed 
nanoparticles within PAH/PAA multilayers with a tunable concentration.  Electroless nickel 
chemistry13 reduces the nickel precursor selectively on the seeds.  Hence, the in situ nanoparticle 
synthetic methodology controls the nanoparticle concentration independent of the seeded growth 
process by electroless metal chemistry that controls the nanoparticle size. 
6.2. Experimental Section 
 
PAH (Mw=70,000), poly(sodium 4-styrenesulfonate) (PSS) (Mw=70,000), 
tetraaminepalladium chloride (Pd(NH3)4Cl2), and nickel sulfate hexahydrate were obtained from 
Sigma-Aldrich (St. Louis, MO).  PAA (Mw=90,000) was obtained from Polysciences 
(Warrington, PA).  Dimethylamine borane (DMAB) was obtained from Acros Organics (Fair 
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Lawn, NJ), and sodium citrate and lactic acid were obtained from Alfa Aesar (Ward Hill, MA).  
All chemicals were used without further purification.  De-ionized water (>18 MΩ-cm, Millipore 
Milli-Q) was exclusively used in all aqueous solutions and rinsing procedures. 
PAH/PAA multilayers were fabricated on glass microscope slides, polystyrene (PS) 
tissue-culture substrates (corona-treated, Nalge Nunc International, Naperville, IL), or polished 
single-crystal Si wafers using an automated Zeiss HMS slide stainer as described in Chapter 2.  
Glass substrates and Si wafers were degreased in a detergent solution followed by air plasma 
treatment (5 min at 100 W, Harrick Scientific PDC-32G plasma cleaner/sterilizer) prior to 
deposition.  PS substrates were used as received.  PAH and PAA aqueous solutions (10-2 M by 
repeat unit) were adjusted to the desired pH with either 1 M HCl or 1 M NaOH.  Briefly, 
multilayers were formed by first immersing substrates into the PAH solution for 15 min followed 
by three 2-min immersions into water as rinsing steps.  The substrates then were immersed into 
the PAA solution for 15 min followed by identical rinsing steps.  The adsorption and rinsing 
steps were repeated until the desired number of bilayers was obtained.  Multilayers of PAH and 
PSS (10-2 M by repeat unit) multilayers were similarly assembled.  The PM was finally dried 
with a stream of air and stored under ambient conditions.  
The Pd nanoparticle seeds were synthesized within PAH/PAA multilayer films as 
described in Chapter 2 using [Pd(NH3)4]2+ as the precursor cationic metal complex (chloride 
salt). Briefly, the multilayer was immersed in the aqueous precursor solution (5 mM) for 30 h 
followed by a 1 h immersion in water as a rinsing step.  After drying with a stream of air, the PM 
now containing bound Pd complex was sealed in a H2 atmosphere (2 atm, 85 oC) for 30 h to 
reduce the Pd(II) to zerovalent Pd nanoparticles. 
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A standard formulation for the electroless nickel solution was used, consisting of 40 g/L 
nickel sulfate, 20 g/L sodium citrate, 10 g/L lactic acid, and 1 g/L DMAB in water.  A nickel 
stock solution of all components except the DMAB reductant was prepared in advance.  A 
DMAB aqueous solution was prepared separately.  The stock solutions were prepared for a 4:1 
volumetric proportion of nickel to reductant stocks in the final electroless bath.  They were 
mixed as needed and, if necessary, adjusted to a higher pH with ammonium hydroxide; the 
unadjusted pH of the electroless nickel solution was ~4.   Stock solutions were used within a 
week of preparation, after which they were discarded.  The Pd nanoparticle-containing PM was 
immersed in the electroless nickel solution (room temperature) for seeded particle growth.  In 
certain cases, a nitrogen bubbler was employed to agitate and degas the nickel solution during 
deposition. 
For transmission electron microscopy (TEM) imaging, multilayer films deposited on PS 
substrates were cut direction normal to the film plane using a RMC MT-X ultramicrotome with a 
diamond knife (Diatome, Fort Washington, PA) at room temperature. Approximately 50nm-thick 
cross-sections of the samples were obtained. Cut sections were floated onto a trough of 
de-ionized water, immediately picked up with copper TEM grids, and blotted dry.  TEM was 
performed on ultramicrotomed samples using a JEOL JEM-2000FX operated at 200 kV.  
Selected area electron diffraction was performed using the same microscope.  Energy dispersive 
X-ray spectroscopy (EDS) was performed on microtomed cross-sections imaged using a JEOL 
2010 transmission electron microscope operating at 200 kV with an Oxford Instruments Link 
Pentafet detector. 
X-ray photoelectron spectroscopy (XPS) was performed using a Kratos AXIS Ultra 
Imaging XPS with an Al Kα source.  Auger electron spectroscopy (AES) was performed using a 
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Physical Electronics Model 660 Scanning Auger Microscope operating at 5 kV.  To minimize 
charging effects, films for AES were assembled on Si substrates and the sample was wrapped in 
aluminum foil with a pinhole for the electron probe.  XPS was also performed on films supported 
on Si substrates.   
6.3. Results 
 
The various PMs are referred to in shorthand notation, where (PAHx/PAAy)z+Pd 
indicates z bilayers of PAH assembled at pH x and PAA at pH y and with in situ synthesized 
zerovalent Pd nanoparticles; Pd(Ni) refers to nanoparticles that have been further grown by 
electroless Ni deposition.  Pd nanoparticles were synthesized within PAH/PAA multilayers using 
the methodology described in Chapter 2 with a positively-charged Pd complex precursor, 
[Pd(NH3)4]2+, and post ion-exchange reduction by H2.  The nanoparticles were extremely small 
with ~1.5 nm diameters, as shown in Figure 6-1A, and homogeneously dispersed throughout the 
(PAH3.5/PAA3.5)15(PAH6.5) multilayer.  Nanoparticle size increased after immersion into pH 
unadjusted electroless Ni solution.  The size increased with the duration of immersion, as shown 
in Figure 6-1B,C.  After 50 min, the nanoparticles were ~3 nm in diameter; after 19 h, they were 
4-5 nm.  However, even longer immersions did not result in larger particles.  Immersion of the 
Pd nanoparticle-containing multilayer into an electroless Ni solution with 0.2 M NH4OH added 
resulted in more rapid particle growth as shown in Figure 6-1D.  In fact, after only 5 h, it is 
difficult to isolate individual particles from the TEM image.  If even more base were added to the 
electroless Ni solution such that the pH reached 5, gross surface plating occurred in under 30 min 
of immersion. 
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An estimate of the Ni volume fraction is obtained by comparing the thickness of the film 
before and after immersion into electroless Ni solution.  The thickness of 
(PAH3.5/PAA3.5)15(PAH6.5)+Pd is ~59 nm.  The film thicknesses from Figure 6-1B, C, and D 
are 100, 137, and 400 nm, corresponding to a Ni volume fraction of 41, 57, and 85%, 
respectively. 
Figure 6-1.  (A) Cross-sectional TEM images of (PAH3.5/PAA3.5)15(PAH6.5) 
on PS substrates with in situ synthesized Pd nanoparticles about ~1.5 nm in 
diameter (dark contrast).  (B, C) Films in (A) after immersion into pH-unadjusted 
electroless Ni solution for 50 min and 19 h.  (D) Film in (A) after immersion into 
electroless Ni solution with 0.2 M NH4OH for 5.3 h.  Note the same scale applies 
for (A, B, C) except for (D). 
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As a control to rule out the possibility that the Pd nanoparticles in the multilayer were 
agglomerating to form the larger sized particles in the electroless Ni solution, 
(PAH3.5/PAA3.5)15(PAH6.5)+Pd was immersed into a solution containing all components of the 
electroless solution except nickel sulfate.  Only slight particle coarsening was observed after 20 
h, likely due to the increased mobility of the nanoparticles within the swollen multilayer in a 
high ionic strength environment.  In addition, a multilayer without Pd was immersed into the 
electroless Ni solution; no Ni deposition was observed after 24 h. 
 For the (PAH3.5/PAA3.5)15(PAH6.5) multilayers, a relatively high concentration of Pd 
nanoparticles were formed such that subsequent growth by electroless Ni deposition quickly 
made the isolation of individual particles, and hence the accurate monitoring of particle size, 
difficult, as in Figure 6-1D.  To reduce the concentration of the Pd nanoparticle seed population 
and retain a sparse distribution, the (PAH7.5/PAA3.5)z multilayer was used for in situ 
nanoparticle synthesis.  The concentration of free carboxylic acid groups within the multilayer is 
relatively low, resulting in a low binding concentration of cationic Pd complexes.  Figure 6-2A 
shows the 60 nm thick multilayer of (PAH7.5/PAA3.5)5.5 with 1.5 nm diameter Pd nanoparticles.  
The relative sparseness of the nanoparticles is not obvious from the cross-sectional TEM image 
because the image is projected through a ~50 nm thick microtomed slice.  After immersion of the 
Pd nanoparticle-containing multilayer in an electroless Ni solution with 0.2 M NH4OH for  
16.5 h, ~9 nm diameter particles were obtained, as seen in Figure 6-2B.  In these multilayers, 
individual nanoparticles could clearly be distinguished.  The film thickness had increased to  
269 nm, corresponding to 78 vol% Ni.  In Figure 6-2C, a (PAH7.5/PAA3.5)5.5 multilayer with 
bound cationic Pd complex but not reduced to zerovalent nanoparticles showed a dense filling of 
Ni after electroless deposition.  However, individual nanoparticles were not distinguishable. 
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When the same electroless Ni solution condition was applied to a thicker 
(PAH7.5/PAA3.5)+Pd multilayer, a gradient in nanoparticle sizes was obtained, as shown in 
Figure 6-3.  Larger, ~14 nm diameter, particles were found near the free surface and smaller,  
~3 nm diameter, particles were found near the substrate.  The original (PAH7.5/PAA3.5)15.5+Pd 
was 150 nm thick and became 550 nm thick after Ni deposition. 
Figure 6-2.  (A) Cross-sectional TEM image of (PAH7.5/PAA3.5)5.5 with in situ 
synthesized Pd nanoparticles (dark contrast) on a PS substrate. (B) Film in (A) 
after immersion in electroless Ni solution with 0.2 M NH4OH for 16.5 h.  (C) 
(PAH7.5/PAA3.5)5.5 with bound [Pd(NH3)4]2+ after immersion into same 
electroless Ni solution as (B) for the same duration. 
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The Pd seed-mediated growth could also enlarge nanoparticles within multilayer 
heterostructures of PAH/PAA and PAH/PSS.  The cationic Pd complex binds selectively to 
PAH/PAA regions within the heterostructure with subsequent confinement of the Pd 
nanoparticles in the same regions, as shown in Figure 6-4A.  The heterostructure consists of 
(PAH/PAA)10(PAH/PSS)30(PAH/PAA)10(PAH/PSS)35.5 assembled at pH 3.5.  After immersion 
in the electroless Ni solution, as shown in Figure 6-4B, the nanoparticles increased from 1.5 to  
4 nm in diameter as in the homostructure PAH/PAA multilayers.  However, with the 
concomitant increase in thickness of the PAH/PAA strata, the PAH/PSS strata appeared to be 
intruded by the nanoparticles.  The integrity of the PAH/PSS stratum between the two PAH/PAA 
strata was more compromised than the PAH/PSS stratum next to the free surface. 
 
Figure 6-3.  Cross-sectional TEM image of (PAH7.5/PAA3.5)15.5 with in situ 
synthesized Pd nanoparticles after immersion into electroless Ni solution with 
0.2 M NH4OH for 15.7 h. 
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The elemental composition was determined by EDS analysis on a cross-sectioned sample 
of (PAH7.5/PAA3.5)5.5+Pd(Ni), shown in Figure 6-5, and indicated the presence of both Pd and 
Ni as expected; Cu came from the TEM grid.  However, normal resolution EDS could not give a 
reliable indication of the physical structure of the particles because both the electron beam (200 
keV) and emitted x-rays (3-8 keV, see Figure 6-5) decayed over length scales much larger than 
the size of the particles (9 nm) and high resolution mode was not possible due to significant 
sample charging. 
 
 
Figure 6-4.  Cross-sectional TEM images of heterostructure 
(PAH/PAA)10(PAH/PSS)30(PAH/PAA)10(PAH/PSS)35.5 assembled at pH 3.5 with 
in situ synthesized Pd nanoparticles (A) before and (B) after immersion into pH-
unadjusted electroless Ni solution for 22.5 h. 
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To determine the physical structure of the nanoparticles after electroless Ni deposition, 
whether it was a Pd core with Ni shell as expected from the chemistry or a Pd and Ni solid 
mixture, the surface sensitive AES and XPS tools were employed.i  Figure 6-6 shows the 
elemental survey from AES for the surface of (PAH7.5/PAA3.5)5.5+Pd and 
(PAH7.5/PAA3.5)5.5+Pd(Ni).  Their corresponding cross-sectional TEM images are Figure 6-2A, 
B.  The Auger spectrum for the +Pd film identified Pd along with the other elements that 
comprise the polyelectrolytes of the multilayer.  In the +Pd(Ni) Auger spectrum, the Ni signal 
clearly is observed with a concomitant disappearance of the Pd signal.  In addition, a small B 
signal arose and the O signal increased.  Boron is known to be incorporated into the deposited Ni 
from the reductant and the increased O corresponds to the Ni native oxide.  The disappearance of 
the Pd Auger electrons from the +Pd(Ni) spectrum is indicative of a core-shell structure.  
Because the escape depth14 of Pd Auger electrons (330 eV) is on the order of 1 nm through an 
inorganic solid, and with the Pd(Ni) nanoparticle having a 9 nm diameter, a Ni shell around a Pd 
                                                 
i Selected area electron diffraction was also attempted to identify the characteristic crystal structure of either Pd or 
Ni.  However, only two faint rings were observed for both Pd(0) nanoparticle only and Pd(Ni) nanoparticle samples, 
and the rings could not be matched to standard diffraction patterns. 
 
Figure 6-5.  EDS survey spectrum of (PAH7.5/PAA3.5)5.5+Pd after electroless Ni 
deposition (sample similar to Figure 6-2B). 
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core should arrest most of the Pd Auger electrons.  However, because AES is a surface sensitive 
technique, thus no information from deep within the multilayer is obtained, the core-shell 
structure indicated is strictly characterized only near the multilayer surface.ii 
 
 
 
XPS analysis was performed on the same AES samples to obtain, non-destructively, 
depth profile information as well as quantitative elemental compositions.  Figure 6-7A shows the 
XPS spectra for (PAH7.5/PAA3.5)5.5+Pd with the detector at normal (0o) and grazing (70o) 
angles.  As with the AES analysis, Pd was detected along with the elements of PAH and PAA.  
The XPS spectra for (PAH7.5/PAA3.5)5.5+Pd(Ni), in Figure 6-7B, show the characteristic 
electrons for Ni and B.  Pd was also detected, albeit with a relatively low signal.  The XPS 
detector is more sensitive than the AES. 
                                                 
ii Depth profiling by sputtering in the AES chamber is a conventional method.  However, sputtering of the PM-based 
samples was not performed due to contamination risk. 
Figure 6-6.  AES elemental survey spectrum of top surface of 
(PAH7.5/PAA3.5)5.5+Pd before (solid trace) and after (dotted trace) electroless Ni 
deposition. 
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The quantitative elemental analysis is given in Table 6-1.  For comparing compositions 
between +Pd and +Pd(Ni) samples, the elements of interest were scaled relative to the N signal 
from the PAH ammonium groups.  The Pd signal significantly decreased after electroless Ni 
deposition, consistent with a core-shell structure.  Moreover, the similar compositions at 
different depths (i.e., at different detection angles) for both the +Pd and +Pd(Ni) samples suggest 
that the indicated core-shell structure is not purely a surface effect.  Finally, the B concentration 
relative to Ni is consistent with compositions reported of electrolessly deposited Ni from 
aminoborane-based solutions.15 
 
 
 
 
Figure 6-7.  XPS elemental survey spectra of (PAH7.5/PAA3.5)5.5+Pd (A) before 
and (B) after electroless Ni deposition at normal (0o, solid traces) and grazing (70o 
from normal, dotted traces) angles of detection relative to the surface plane. 
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Element 
Pd(0) sample
normal angle 
Pd(0) sample 
grazing angle 
After 
electroless Ni 
normal angle 
After 
electroless Ni 
grazing angle 
1 atomic% Pd 25.4 25.0 13.9 13.3 
1 atomic% Ni - - 80.0 78.5 
1 atomic% B - - 57.4 46.3 
2 atomic% B - - 25.1 19.2 
2 mass% B - -     5.83     4.20 
 1. calculated relative to N signal; 2. calculated relative to Ni signal. 
 
 
6.4. Discussion 
 
Two important considerations distinguish the use of seed-mediated growth to control 
nanoparticle size within PMs from their use in solution: a heterogeneous reaction environment 
with different surfaces and significant mass transport limitations.  First, one must consider the 
reaction environment at the surface of the multilayer as well as the one inside the multilayer.  As 
discussed in Chapter 3, the surfaces of PAH/PAA multilayers assembled at a low pH are rich in 
carboxy groups that can bind the cationic Pd complex and form large surface nanoparticles.  
Since the objective is to direct the electroless deposition of Ni on the Pd seed particles inside the 
PM and not on the surface, the surface should ideally be free of Pd particles.  If this surface 
activity were not capped or quenched, Ni would plate on the surface and eventually hinder any 
diffusion of reactants into the multilayer interior to the detriment of further particle growth.  
Therefore for the (PAH3.5/PAA3.5) multilayers, the last layer of PAH was adsorbed at higher 
pH to obtain a thicker PAH outermost layer with minimal interpenetration by the PAA 
underneath.  This is similar to the PAH7.5/PAA3.5 system described in Chapter 5 and prevents 
the Pd complex from binding to the surface when PAH is the outermost layer.   
Second, the balance between reaction rate and mass transfer rate of the reactants is 
crucial in obtaining uniform seed-mediated particle growth.  In solution, the electroless metal 
Table 6-1.  Quantitative elemental analysis by XPS. 
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deposition rate is reaction-limited.  However, because of the lower diffusivities within the 
hydrated but solid multilayers relative to those in solution, mass transfer-limited metal deposition 
can readily occur as seen in Figure 6-3 or, at the extreme, the pure surface plating discussed in 
Chapter 5.  Therefore, the reaction rate must be made limiting relative to mass transport rate 
within the multilayer.  The reactions of the electroless nickel deposition with aminoboranes are13 
R2NHBH3 + 3Ni2+ + 3H2O → 3Ni + R2H2N+ + H3BO3 + 5H+  (6-1) 
 
2R2NHBH3 + 4Ni2+ + 3H2O → Ni2B + 2Ni + 2R2H2N+ + H3BO3 + ½H2 + 6H+ (6-2) 
 
The main kinetic parameters are the reductant concentration, pH, and temperature.13  The 
parameter that can most easily be manipulated independently of mass transfer is pH.  Changes to 
reductant concentration and temperature would affect reaction and mass transport rates in the 
same direction. 
One limitation of electroless Ni deposition for growing nanoparticles is observed in 
heterostructures comprising PAH/PAA and PAH/PSS multilayers.  Unlike the repeated 
nanoparticle synthetic methodology described in Chapter 2, in which the enlarged nanoparticles 
continue to be confined to PAH/PAA regions, electroless Ni deposition resulted in the 
“squeezing” of the PAH/PSS strata.  The entire multilayer structure swells in the electroless Ni 
solution with its significant salt content, ~0.3 M.16  The growth of the nanoparticles in the 
swollen multilayer is therefore less constrained by the matrix.  Hence, the spatial integrity of the 
PAH/PSS strata when swollen is more easily compromised by the growing nanoparticles during 
Ni deposition.     
6.5. Conclusion 
 
The in situ synthesis of Pd nanoparticles within PAH/PAA multilayers facilitates further 
growth of the catalytic seed particles by electroless Ni deposition.  Using a combination of 
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deposition rate control by electroless solution pH and duration of deposition, Pd nanoparticles 
could be grown with an overcoat of Ni from 3 to 14 nm in diameter.  The formation of 
nanoparticles with a polarizable Pd core and ferromagnetic Ni shell of controlled size within a 
polymer matrix has promising applications in nanoscale magnetic media.17,18  
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Chapter 7. Conclusions and Future Research Directions 
 
This thesis has shown that polyelectrolyte multilayers are extremely versatile thin film 
assemblies in which to synthesize inorganic nanoparticles.  The multilayers are chemically rich 
matrices in which molecules such as metal ions and complexes in the external environment (e.g., 
in solution) can access, sample, and interact with the multilayer interior.  Moreover, the physical 
structure and chemical architecture of the multilayer are tunable and customizable via simple 
means – assembly solution conditions (e.g., pH) and choice of polyelectrolytes.  The inorganic 
nanoparticle synthetic methodology of precipitating, by reduction or sulfidation, ion-exchanged 
metal cations within the multilayer is universally applicable for a range of metals and 
semiconductors. 
Chapter 2 introduced the in situ nanoparticle synthetic methodology in which metal 
cations are bound to carboxylic acid groups within preformed multilayer and subsequently 
precipitated as nanoparticles by reduction or sulfidation.  Silver nanoparticles were synthesized 
with controlled size and concentration with multilayers of poly(allylamine hydrochloride) (PAH) 
and poly(acrylic acid) (PAA) via the multilayer assembly pH.  The synthetic methodology was 
repeatable, so increased nanoparticle sizes and concentrations were obtained with increasing 
synthesis cycles.  The nanoparticles were homogeneously distributed throughout the multilayer 
thickness, confirming that the adsorbed layers of PAH and PAA were interpenetrated at least 
across their nearest neighbors. The PAH/PAA multilayer should therefore be treated as a 
molecular blend and not as a discretely layered stack.  
To obtain a discretely layered stack, Chapter 3 described multilayers that consisted of two 
different polyelectrolyte pairs, PAH/PAA and PAH/poly(styrenesulfonate) (PSS).  Silver cations 
were confined to the carboxylic acid-containing PAH/PAA region and absent from the PAH/PSS 
 136
region.  The inorganics could be confined to discrete strata within the multilayer film with 
tunable thicknesses from single nanometers to micrometers with nanometer resolution.  The 
ability to form these stratified heterostructures had important implications in exploiting these 
nanocomposites for photonic applications.  In conjunction with the refractive index enhancement 
of the multilayers with Ag nanoparticles, as described in Chapter 4, the ability to precisely 
control particle size, interparticle separation (i.e., concentration), and interfacial roughness of the 
adsorbed polyelectrolyte layers on the nanometer scale and at the same time be able to control 
the spatial distribution of nanoparticles in discrete strata at the micrometer scale make these thin 
film nanocomposites promising photonic bandgap (PBG) materials.   
Chapters 5 and 6 described a complementary method of metal synthesis based on the 
electroless deposition of metal onto a catalyst.  Using a Pd complex selectively bound to certain 
regions of a multilayer surface, selective plating of electroless Ni was demonstrated.  With Pd 
nanoparticles synthesized within the multilayers, electroless Ni could be controllably deposited 
around the catalytic seeds to tune nanoparticle size. 
In summary, the versatility of polyelectrolyte multilayers as matrices for inorganic 
synthesis was demonstrated.  Metal ions with specific binding affinity for carboxylic acid 
functionalities of the multilayers were used to form inorganic nanoparticles within the 
multilayers.  By manipulating the internal chemical and physical structure of the multilayers 
through assembly pH conditions, choice of polyelectrolytes, and post-assembly chemistries, the 
concentration, distribution, and size of inorganic nanoparticles were systematically controlled.  
In addition, the metal ions were used to probe the internal chemical and physical structure of the 
multilayer.  Finally, these nanocomposite films were shown to be promising materials for 
photonic applications. 
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Two areas rich for future research are (1) the further study of interactions between 
external molecules and interior multilayer binding groups, including mass transport and binding 
kinetics as well as equilibrium conditions, and (2) the detailed exploration of the use of these 
nanocomposite multilayers as photonic bandgap materials.  This thesis has primarily addressed 
structure-property relationships, with little emphasis on the time evolution of the structures 
formed.  The mass transport of ions in the multilayers, the kinetics of ion exchange and 
reduction, and the dynamics of particle formation after reduction deserve further elucidation in 
detail.  Furthermore, despite the range of nanoparticles that could be synthesized with this 
approach, the basic interaction between the metal precursor and the multilayer is electrostatic in 
nature via ion exchange of the carboxylic acid protons.  The study of binding by molecules, not 
necessarily ionic, through interactions such as covalent or hydrogen bonding with alternative 
multilayer functional groups should enlarge the repertoire of entities that can be controllably 
incorporated into multilayers.  An important question this line of study could address is the 
degree of stabilization afforded by the carboxylic acid groups in PAH/PAA multilayers.  In the 
current system, the carboxylic acid groups perform both the roles of binding the metal precursor 
and stabilizing the precipitated nanoparticle; nanoparticle size and metal concentration are not 
controlled independently.  A method to decouple the two is desirable, for example with the 
carboxylic acid group only participating in nanoparticle stabilization while another functional 
group sequesters the precursor material. 
The nanocomposite multilayers are promising as photonic structures.  These 
nanoparticle-containing films can be ideal for testing effective medium models, with the ability 
to tune the size and concentration of homogeneously and randomly distributed and relatively 
monodisperse particles.  Besides extending the current system beyond the Ag nanoparticles, 
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which have strong surface plasmon resonance absorbance, to other completely non-absorbing yet 
high refractive index materials, the multilayer platform offers other unique features to explore: 
ability to assemble at will a diverse array of materials, patternability, environmental 
responsiveness, and conformability.  For example, one may exploit the ability to layer-by-layer 
assemble electroluminescent polymers or molecules and fabricate a high performance light-
emitting device with the active material in a microcavity structure.  Because multilayers can be 
patterned using both photo- and soft-lithographic techniques, the one-dimensional periodic 
structures may be used as bases for two- or three-dimensional periodic structures.  The 
responsiveness of these multilayers to their environment makes them potential sensors.  
Assembling multilayers with molecules that can respond to electric or magnetic fields may make 
it possible to fabricate dynamically tunable optical filters.  Finally, one may form photonic 
structures on fibers, spheres, or other geometrically complicated objects.  This thesis has merely 
laid a foundation to explore these truly unique and potentially revolutionary photonic systems. 
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Appendix 1. Bivariate Method for Determining Optical Constants 
 
The MATLAB codes for calculating the optical constants of a single, effectively 
homogeneous film on a substrate from photometric measurements (front-side reflection, back-
side reflection, and transmission) using the bivariate method are given.  The parent script, 
refract_calc.m, calls on another MATLAB script, datainput.m, and two MATLAB functions, 
maxwell2newton.m and maxwell1.m.  A summary of the algorithm is as follows: 
1. Parameter inputs include the normal or near-normal photometric measurements of the 
film over the wavelength (λ) range of interest (i.e., film-side reflectance (R), substrate-
side reflectance (Rp), and transmittance (T)), substrate refractive index (n2-ik2), and film 
thickness (d1). 
2. Find all n1, k1 (where n1-ik1 is the complex refractive index of film) solution pairs to 
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within a range of n1 (e.g., = 1 – 10) and k1 (e.g., = 0 – 1) for every wavelength using 
Newton’s method at f2 = 0, where α1 = 2πk1d1/λ and γ1 = 2πn1d1/λ. 
3. Evaluate all n1, k1 solution pairs found in step 2 using 
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(A-2) 
and when a change of sign occurs, a solution is found that satisfies both f1 = 0 and f2 = 0.  
n0 is the ambient refractive index ( = 1 for air). 
4. Repeat steps 2 and 3 with the substrate-side reflectance, Rp, instead of R. 
The complex refractive indices that satisfy the combined Fresnel equations for a single 
homogeneous slab on a substrate, Equations A-1 and A-2, are outputted. Multiple solutions and 
no solutions are possible for each wavelength of interest.  When multiple solutions exist, the 
correct refractive index corresponds to the film-side solution that has a similar substrate-side 
solution and that satisfies the physical constraints of the system (e.g., permissible changes in n1 
and k1 over the wavelength of interest).  Further details regarding the correct choice among 
multiple solutions can be found in McPhedran, R. C. et al. Applied Optics 1984, 23, 1197-1205. 
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refract_calc.m 
 
% by Tom C. Wang (tcw@mit.edu) 
% last updated: February 7, 2002 
% 
% finding n,k combinations for measured R,T at some wavelength 
% based on Denton, Campbell, and Tomlin 1972 
% J. Phys. D, Volume 5, page 852 
% 
% d1 is the thickness (nm) of film with complex refractive index n1-ik1 
% lamba is wavelength (nm) at with R1 and T1 are measured 
% n2-ik2 is the complex refractive index of substrate 
% n0 is the refractive index of the medium (usually constant 1, air) 
 
clear all 
global d1 R1 T1 lambda n2 k2 n0 g1 g2 fid2          % add n11 if use fzero  
 
% d1, R1, T1, lambda, n2, and k2 are input paramters 
% note: d1 and lambda must be in the same units 
% -------------------------------------------------- 
 
 
datainput    %calls script to read in data 
 
disp(['Enter the thickness of ',name]) 
d1=input('in units of nm: > '); 
   
outname=input('name of output file (no extension) > ','s'); 
extension='.txt'; 
testoutname=horzcat(outname,extension); 
 
fid=fopen(testoutname,'w');   %initialize output file 
 
errorname='_errs.txt'; 
testouterror=horzcat(outname,errorname); 
 
fid2=fopen(testouterror,'w'); %initialize output error file 
 
tic 
 
% BIGGEST LOOP TO CALCULATE WITH BOTH R and R' 
 
for reflection=1:2              % 1 is front-side and 2 is back-side 
  switch reflection 
    case 1 
      side='front-side'; 
    case 2 
      side='back-side'; 
  end 
 
fprintf(fid,'%s  %s\n',name,side); 
fprintf(fid,'%4d nm thickness used\n',d1); 
fprintf(fid2,'%s  %s\n',name,side); 
 
% BIG LOOP TO GO THROUGH CALCULATIONS FOR EACH WAVELENGTH 
for wavecount=1:length(lambdavector) 
 
  lambda=lambdavector(wavecount); 
  T1=Tvector(wavecount); 
  n2=n2vector(wavecount); 
 
  switch reflection 
    case 1 
      R1=Rvector(wavecount); 
    case 2 
      R1=Rpvector(wavecount); 
  end 
 
  k2=0; 
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  n0=1;   % refractive index of air 
 
  g1=(1+R1)/T1; 
  g2=(1-R1)/T1; 
 
  % finds the k1 for given n1 using Newton's method maxwell2newton 
 
  a=0.1;        %initial guess for k1 
 
  n1vector=1:.01:10;     %n1 vector, range of n1 explored 
  k1vector=zeros(1,length(n1vector));  %k1 vector memory preallocate 
 
  for i=1:length(n1vector) 
     %n11=n1vector(i);                      %needed for fzero 
     %k1vector(i)=fzero('maxwell2',a);      %using matlab root finder SLOW! 
     k1vector(i)=maxwell2newton(a,n1vector(i)); 
  end 
 
  f1=maxwell1(n1vector,k1vector); 
 
  % loop below identifies n1,k1 for which f1=0 by 
  % finding where f1 changes signs between two sets of n1,k1  
 
  k=0; %initialize counter 
 
 
  fprintf(fid,'%4d ',lambda); 
 
  for j=1:(length(n1vector)-1) 
    test=f1(j)*f1(j+1);  
    if test<0 
        k=1+k; 
        if abs(f1(j))<abs(f1(j+1)) 
           realn1(k)=n1vector(j); 
           realk1(k)=k1vector(j); 
        else 
           realn1(k)=n1vector(j+1); 
           realk1(k)=k1vector(j+1); 
        end 
 if realk1(k)~=0 
          result=[realn1(k); realk1(k)]; 
          fprintf(fid,'; %3.2f ; %1.4f ',result); 
        end 
    end 
  end 
  fprintf(fid,'\n'); 
 
end                   % END OF BIG WAVELENGTH LOOP 
end                   % END BIGGEST LOOP 
 
toc 
fclose(fid2);         % close output error file 
fclose(fid);          % close output file 
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datainput.m 
 
% script to read in data in tab deliminated text data file 
% 
% format of data file: 
% line 1  - name of film (e.g., ph2.5ag1) 
% line 2  - column headers (lambda R Rp T n2), where 
%           lambda = wavelength range; R = film-side (normal) reflectance; 
%           Rp = substrate-side reflectance; T = transmittance; 
%           n2 = substrate (complex) refractive index 
% line 3+ - data (1500 0.32 0.31 .55 1.57) 
% 
% length of data 121 points (from 1500-300nm, in 10nm increments) 
 
     inputfile=input('Enter full name of file containing data: > ','s'); 
 
     fid=fopen(inputfile,'rt'); 
     name=fgetl(fid); 
     headings=fgetl(fid); 
     inputmatrix=fscanf(fid,'%f',[5 121]); 
     fclose(fid); 
 
     lambdavector=inputmatrix(1,:);  %wavelength range 
     Rvector=inputmatrix(2,:);       %film-side reflectance 
     Rpvector=inputmatrix(3,:);      %substrate-side reflectance 
     Tvector=inputmatrix(4,:);       %transmittance 
     n2vector=inputmatrix(5,:);      %substrate refractive index 
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maxwell2newton.m 
 
function k1 = maxwell2newton(k10,n10) 
 
% Newton's method to find k1 root of f2 
 
global d1 R1 T1 lambda n2 k2 n0 g1 g2 fid2 
 
keps=5*eps;   % smallest tolerance is 5*eps 
 
k1=k10;  % initial guess 
 
maxit=100; 
j=0; 
while j<=maxit 
  j=j+1; 
  gamma1=2.*pi.*n10.*d1./lambda; 
  alpha1=2.*pi.*k1.*d1./lambda; 
  
f2=(n10.*((n10.^2+n2.^2+k1.^2+k2.^2).*sinh(2.*alpha1)+2.*(n2.*n10+k2.*k1).*cosh(2.*alpha1))+k1.*(
(n10.^2-n2.^2+k1.^2-k2.^2).*sin(2.*gamma1)-2.*(k2.*n10-n2.*k1).*cos(2.*gamma1)))-
(2.*n2.*(n10.^2+k1.^2)).*g2; 
  
dfdk=n10.*(2.*k1.*sinh(2.*alpha1)+4.*(n10.^2+n2.^2+k1.^2+k2.^2).*cosh(2.*alpha1).*pi.*d1./lambda+
2.*k2.*cosh(2.*alpha1)+8.*(n10.*n2+k1.*k2).*sinh(2.*alpha1).*pi.*d1./lambda)+(n10.^2-n2.^2+k1.^2-
k2.^2).*sin(2.*gamma1)-2.*(n10.*k2-
n2.*k1).*cos(2.*gamma1)+k1.*(2.*k1.*sin(2.*gamma1)+2.*n2.*cos(2.*gamma1))-4.*g2.*n2.*k1; 
  dk=f2./dfdk; 
  k1=k1-dk; 
  if abs(dk)<keps, return; end 
  if j>maxit, fprintf('hit limit max iterations with k = %3.2f for %3.2f at %4d! 
retry\n',k1,n10,lambda); counter=0;k1=1; 
    while counter<=maxit 
         counter=counter+1; 
         gamma1=2.*pi.*n10.*d1./lambda; 
         alpha1=2.*pi.*k1.*d1./lambda; 
         
f2=(n10.*((n10.^2+n2.^2+k1.^2+k2.^2).*sinh(2.*alpha1)+2.*(n2.*n10+k2.*k1).*cosh(2.*alpha1))+k1.*(
(n10.^2-n2.^2+k1.^2-k2.^2).*sin(2.*gamma1)-2.*(k2.*n10-n2.*k1).*cos(2.*gamma1)))-
(2.*n2.*(n10.^2+k1.^2)).*g2; 
         
dfdk=n10.*(2.*k1.*sinh(2.*alpha1)+4.*(n10.^2+n2.^2+k1.^2+k2.^2).*cosh(2.*alpha1).*pi.*d1./lambda+
2.*k2.*cosh(2.*alpha1)+8.*(n10.*n2+k1.*k2).*sinh(2.*alpha1).*pi.*d1./lambda)+(n10.^2-n2.^2+k1.^2-
k2.^2).*sin(2.*gamma1)-2.*(n10.*k2-
n2.*k1).*cos(2.*gamma1)+k1.*(2.*k1.*sin(2.*gamma1)+2.*n2.*cos(2.*gamma1))-4.*g2.*n2.*k1; 
          dk=f2./dfdk; 
          k1=k1-dk; 
          if abs(dk)<keps, return; end 
          if counter>maxit, fprintf('hit limit max iterations with k = %3.2f again! end\n',k1); 
fprintf(fid2,'hit limit max iterations with k = %3.2f for n = %3.2f at %4d!\n',k1,n10,lambda); 
k1=0; end      
     end 
  end 
end 
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maxwell1.m 
 
function f1 = maxwell1(n1,k1) 
 
global d1 R1 T1 lambda n2 k2 n0 g1 g2 
 
% (1+R)/T 
 
gamma1=2.*pi.*n1.*d1/lambda; 
alpha1=2.*pi.*k1.*d1/lambda; 
 
f1=((n0.^2+n1.^2+k1.^2).*((n1.^2+n2.^2+k1.^2+k2.^2).*cosh(2.*alpha1)+2.*(n2.*n1+k2.*k1).*sinh(2.*
alpha1))+(n0.^2-n1.^2-k1.^2).*((n1.^2-n2.^2+k1.^2-k2.^2).*cos(2.*gamma1)+2.*(k2.*n1-
n2.*k1).*sin(2.*gamma1)))-(4.*n0.*n2.*(n1.^2+k1.^2)).*g1; 
 
